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Abstract 

 
Temporal Lobe Epilepsy (TLE) is the most common form of focal epilepsy. It is recognized 

as a network disease, involving subcortical volume loss, cortical atrophy, and loss of white matter 

integrity. When the seizure focus involves the medial temporal lobe structures, we refer to medial 

temporal lobe epilepsy (MTLE). The commonest MTLE is characterized by a hippocampal volume 

loss called hippocampal sclerosis (HS). Electroencephalography (EEG) is certainly the most widely 

used tool for diagnosing epilepsy. However, neuroimaging is also essential for detecting structural, 

functional, or metabolic abnormalities.  

The aims of this doctoral thesis are to explore different structural patterns underlying TLE, 

with regarding to different etiologies. To explore the structural alteration in TLE we adopted a subfield 

of morphometry and brain sciences called “brain morphometry”. This methodology concerns with 

the measurement of brain structures and changes of these during development, aging, learning, 

disease, and evolution. It mainly uses structural neuroimaging data: T1-weighted sequences and 

diffusion-weighted sequences and allows to quantify many anatomical features of the brain, like grey 

matter cortical thickness, cortical and subcortical volumes, and white matter connectivity. The thesis 

is articulated in two main sections: the first section (i.e., chapter 2 and 3) is focused on the exploration 

of the subcortical structures involved in TLE, in the second part (i.e., chapter 4) we seek to determine 

the different biological processes underlying cortical grey and white matter injury in TLE. 

Thus, our first studies have been focused on the role of the amygdala and its nuclei in different 

types of TLE. Recently, an increase in amygdala volumes (i.e., amygdala enlargement) has been 

proposed as morphological biomarker of a subtype of TLE patients without MRI lesions and/or 

alteration on clinical diagnostic imaging exams. However, previous studies treated the amygdala as a 

single entity, while instead it is composed by different nuclei, each with peculiar function and 

connection. Hence, a first study was conducted on a well-selected TLE population with a symptomatic 

hippocampal sclerosis and with non-lesional TLE, to explore the different features of amygdala 

substructures, and map specific amygdala nuclei structural changes in patients with or without lesions 

detected by the MRI scans. To our knowledge, this was the first study on amygdalae substructures in 

a TLE population. Lately, we explored the role of the amygdala and its substructures in TLE patients 

with Ictal Central Apnea (ICA) manifestations. ICAs has been recently considered a localizing sign in 
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TLE and we hypnotized a possible amygdala involvement in the epileptogenic network of these 

patients.  

The second part of this doctoral thesis has been conducted in collaboration with Dr. 

McDonald’s lab at the University of California, San Diego (UCSD). This study aims to extend our 

knowledge about the processes underlying grey and white matter atrophy in TLE patients. There is 

evidence that cortical atrophy and white matter injury follow different spatial patterns in TLE, thus, 

we examined the patterns of subcortical and cortical grey matter atrophy and the white matter 

microstructural damage, and we tried to characterize how these pathologies spatially correlate across 

tissue type. Finally, we explore how these relationships vary across different ages of seizures onset.  

 In summary, this thesis aims to investigate brain morphometry changes in TLE compared to 

healthy controls. Particularly, most of our research had been focused on the different etiologies 

characterized TLE and the potential clinical yields of the structural changes across disease 

classifications. 
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Chapter 1 

Introduction 
 

Epilepsy is a neurological disorder, including many different syndromes and conditions, that 

affects 0.6-1.5% of the worldwide population (G. S. Bell et al., 2014). It has been defined as a “brain 

disorder characterized predominantly by recurrent and unpredictable interruptions of normal brain function, the epileptic 

seizures” (Fisher et al., 2005). Epilepsy is not a singular disease entity but a variety of disorders reflecting 

underlying brain dysfunction that may result from many different causes (Fisher et al., 2005). The 

epilepsy classification has been subjected to continuous revisions and changes over the past years, in 

2017 the International League Against Epilepsy (ILAE) proposed a new classification of epilepsies as 

a multilevel classification (Fig. 1.1), designed to classify epilepsy in different clinical environments 

(Scheffer et al., 2017).  

 

 
Figure 1.1. ILAE epilepsies’ classification from Scheffer et al., 2017. 
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Seizure has been defined as “a transient occurrence of signs and/or symptoms due to abnormal excessive 

or synchronous neuronal activity in the brain” (Fisher et al., 2005), and it could have a focal onset, a 

generalized onset, or an unknown onset (Fig. 1.2). Focal seizures are the most common type of 

seizure, accounting for up to 60% of the incident and prevalent epilepsy cases (Wiebe, 2000). Focal 

epilepsy is characterized by the onset within a neural network limited to a hemisphere. However, it 

may spread to other areas of the brain, and sometimes it can evolve into bilateral tonic-clonic seizure 

(GTC). Focal seizures can be further divided into non-impaired or impaired awareness. In the first 

form, the person is fully aware of what is happening around them but may not be able to talk or 

respond to stimuli. When the focal seizure is characterized by impaired awareness, the person may 

appear confused, vague, and/or disorientated. Generalized onset means that the seizure affects the 

whole brain, thus both hemispheres are involved. This type of seizure usually affects awareness in 

some way; therefore, the patient may lose consciousness at the start of the seizure. It can be classified 

as motor or non-motor seizure (i.e., absence).  

 

 
Figure 1.2. ILAE seizures’ classification from Scheffer et al., 2017. 

 

The EEG is certainly the most wide test used for diagnosing epilepsy, it helps determine 

seizure type and epilepsy syndrome, and thereby choice of antiepileptic medication and prediction of 
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prognosis (S. Smith, 2005). Interictal Epileptiform Discharges (IEDs) are typically EEG patterns 

commonly found in patients with epilepsy (Engel, 1984; Pillai & Sperling, 2006; Hoppe et al., 2009; 

Tatum et al., 2018). Most epileptic patients show characteristic IEDs termed spike (<70 µsec duration), 

spike and wave, or sharp-wave (70–200 µsec duration) discharges (St. Louis & Frey, 2016) (Fig. 1.3A). 

EEG findings contribute to the multi-axial diagnosis of epilepsy, in terms of whether the seizure 

disorder is focal or generalized (S. Smith, 2005). With respect to focal epilepsies, the EEG typically 

shows localized epileptiform abnormalities in specific electrodes on the scalps corresponding to 

definite brain regions (Fig. 1.3B). The characteristic morphology of a focal IED is a very sharp rise 

time, a complex waveform often with several phases or baseline crossings, and an after-going slow 

wave discharge that disturbs or disrupts the continuity of the background rhythm at least momentarily 

(St. Louis & Frey, 2016). Generalized epilepsies’ EEG typically shows generalized spike-wave or 

polyspike discharges, polyspikewave discharges, or both (St. Louis & Frey, 2016) all over the brain 

(Fig. 1.3C). 

 

 
Figure 1.3. Panel A shows the different pattern of IEDs frequently common in epilepsy. Panel B and Panel C represents 
respectively an EEG pattern in focal and generalized epilepsies.  
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Despite the central role of the EEG methodology to diagnose epilepsy, neuroimaging 

methodologies are also essential for detecting the different etiologies that cause epilepsy disease. 

Ideally, the MRI is the first investigation carried out that allows the clinician to decide if there is a 

structural etiology (Scheffer et al., 2017). When epilepsy is due to structural causes it means that is due 

to acquired factors, like cortical and/or subcortical lesions, cerebrovascular events, and tumors. 

However, there are many other reasons why people could develop epilepsy, like chromosomal or 

genetic abnormalities, infections, and metabolic or immune disorders as well. Some patients suffer 

from a kind of epilepsy with no obvious cause, in those cases there are no brain lesions, genetic 

abnormalities, or other causes. In epilepsy, a structural etiology refers to abnormalities visible on 

structural neuroimaging, and its identification requires appropriate MRI protocols (Gaillard et al., 

2009; Bernasconi et al., 2019). In 2019, the ILAE’s Neuroimaging Task Force published the official 

recommendation of structural MRI for epilepsy, the “Harmonized neuroimaging of epilepsy structural 

sequences – HARNESS” (Bernasconi et al., 2019). The following sequences were recommended as 

the minimum required protocol: (I) 3D millimetric T1-weighted images, (II) 3D millimetric fluid-

attenuated inversion recovery (FLAIR) images, and (III) 2D sub-millimetric coronal T2-weighted 

images acquired perpendicular to the long axis of the hippocampus (Fig. 1.4). The HARNESS 

protocol has been developed with the idea to standardize the best-practice neuroimaging of epilepsy 

in outpatient clinics and specialized surgery centers. Technical differences in MRI acquisition protocol 

(e.g., slice thickness, interslice gaps) could indeed potentially impact the lesions’ detection (Friedman, 

2014; von Oertzen, 2002; Wellmer et al., 2013). So far, the diagnostic yield of the HARNESS protocol 

has been verified mostly throughout the single case descriptions (Clavijo Prado et al., 2022; Federico 

et al., 2020; Larivière, Federico, et al., 2021) while prospective studies on a larger cohort of patients 

are missed.  
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Figure 1.4. HARNESS-MRI (Harmonized Neuroimaging of Epilepsy Structural Sequences) protocol proposed by 
Bernasconi and colleagues, from the ILAE’s Neuroimaging Task Force in 2019. 

 

In a recent study from our laboratory (Vaudano et al., 2023), we aimed to fill this gap by 

assessing the clinical utility of the HARNESS protocol in a prospective cohort of patients with focal 

epilepsy who underwent a structural MRI for diagnostic purposes between 2020-2021 at Baggiovara 

Hospital (Modena, Italy). Our aim was to investigate whether the adoption of this standardized and 

optimized protocol, together with relevant clinical information, would increase the detection of 

epileptogenic lesions thus improving the clinical management of patients with focal epilepsy enrolled 

in a presurgical evaluation process. By comparing the radiological outcome of the MRI acquired with 

the HARNESS protocol versus the ones without in the same patients, we demonstrated a significant 

increase in focal cortical dysplasia (FCD) diagnosis when the protocol was adopted. Our results while 

supporting previous observations that a dedicated MRI protocol significantly improves the diagnosis 
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of focal epilepsy (Rados et al., 2022), expand the available knowledge, and show that it might be 

particularly helpful for the search for FCD. The increase in FCD detection seems independent of the 

neuroradiologists’ expertise and the scanner’s field strength. Considering the feasibility and short time 

of imaging acquisition of the core sequences of the HARNESS protocol, the findings of the present 

study are important for patients being assessed for epilepsy surgery even in resource-poor locations 

where access to MRI scanners is limited. 

 

1.1. Temporal Lobe Epilepsy 
Temporal lobe epilepsy (TLE) is the most common type of focal epilepsy (Wiebe, 2000). TLE 

refers to a syndrome that encompasses all epilepsy with seizures arising anywhere in the temporal lobe, 

irrespective of the location or the pathology. However, is important to distinguish the seizures that 

originate from the neocortex from those that onset from the medial temporal structures. We call lateral 

TLE (LTLE) the TLE that has its onset in the temporal cortex. LTLE accounts only for about 10% 

of all TLEs (Michelucci et al., 2009) and is distinguished from medial temporal lobe epilepsies 

(MTLEs) especially because of its specific seizure characteristic, including auditory auras, aphasic 

seizures, and the propensity to generalize (Florindo et al., 2006). Seizures arising in the mesial temporal 

structures determine what is called MTLE, the structures involved are the hippocampus, the amygdala, 

the entorhinal cortex, and the parahippocampal cortex (Querol Pascual, 2007). The clinical features 

reported by patients with MTLE are epigastric or substernal rising sensation, or a sensation that is 

difficult to describe, sudden fear or anxiety, a sense of familiarity, autonomic symptoms, and – less 

often – olfactory or gustatory sensations (Thom & Bertram, 2012). Auras are not experienced by all 

patients, however, with or without alteration of awareness there is typically a behavior arrest. The 

automatisms seen mostly are oral, with lip smacking or chewing. Motor symptoms and convulsions 

are uncommon, especially in those patients who respond to anti-seizures medications (Thom & 

Bertram, 2012). MTLE is the most common form of TLE, however, it’s not a single disorder but a 

collection of different syndromes with variations in pathology and etiology although with a likely 

common feature of involvement of one or more of the mesial limbic structures at seizure onset (Thom 

& Bertram, 2012; Blümcke et al., 2013). The most common histopathologic abnormality that 

characterized adults with drug-resistant MTLE is the Hippocampal Sclerosis (HS) (Cavanagh & Meyer, 

1956; Blümcke et al., 2002; De Lanerolle et al., 2003; Blümcke et al., 2012). Surgical resection offers 

postoperative seizure freedom in 60–80% of cases and leads to clinical, psychological, and social 

improvements (Engel, 1993; Arruda et al., 1996; Bien et al., 2001; Wiebe et al., 2001; H. G. Wieser et 
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al., 2003; Janszky, 2004; von Lehe et al., 2006). The main surgical treatment of TLE associated with 

HS is the Anteromedial Temporal Lobectomy (ATL), although, over the past years, different surgical 

techniques have been successfully performed on these patients, like Selective 

Amygdalohippocampectomy (SAH) (Asadi-Pooya & Rostami, 2017). Clinical-related factors such as 

years of duration, age at epilepsy onset, and the presence of an early preceding event, especially 

complex and prolonged febrile seizures (Davies et al., 1996; Blümcke et al., 1999; Janszky, 2004; 

Janszky et al., 2004; von Lehe et al., 2006), are likely to influence the degree of HS. Moreover, seizure 

frequency and severity, as well as genetic susceptibility, could also affect the development of the HS 

(Blümcke et al., 2013). However, the exact causes of HS associated with MTLE are still unknown 

(Thom & Bertram, 2012).  

Due to the heterogeneous of the disease, cognitive and psychiatric (e.g., anxiety, depression, 

and/or interictal dysphoria) dysfunctions are highly prevalent and debilitating comorbidity in TLE 

patients (Saling, 2009; B. Bell et al., 2011; Vinti et al., 2021). About 80% of TLE patients demonstrate 

cognitive impairment in, at least, one cognitive domain, frequently in language and/or memory 

(Helmstaedter et al., 2003, 2006). It is not surprising that TLE is associated with memory impairment, 

due to the involvement of temporal lobes’ structures. Memory impairment tends to be material 

specific: verbal memory is impaired if the TLE is lateralized in the language-dominant hemisphere, 

and vice-versa visuospatial memory is impaired if TLE is lateralized in the nondominant hemisphere  

(Helmstaedter & Kockelmann, 2006). Despite the seizures arising from temporal lobe regions, there 

is variability in the nature and severity of cognitive impairment observed across TLE patients; some 

demonstrate generalized impairment, some show a profile of focal cognitive deficits, and others show 

relatively intact cognitive profiles (Elverman et al., 2019; Reyes et al., 2019; Hermann et al., 2020). 

Moreover, some focal cognitive impairment that involves executive function and low intelligence 

levels are also quite often observed (Hermann et al., 1997). In addition, the association of cognitive 

abnormalities with other epilepsy characteristics (e.g., age of onset, seizure frequency/severity, 

duration of disorder) further clarified the presence, nature, and severity of associated cognitive 

morbidity (Dodrill, 1992; Baxendale & Thompson, 2010; Rudzinski & Meador, 2013). In order to 

explain the heterogeneity of cognitive impairment in TLE, studies have shifted from examining 

patients with TLE in the aggregate to identifying different cognitive phenotypes (Hermann et al., 2007; 

Elverman et al., 2019; Kaestner et al., 2019; Reyes et al., 2019). From the first study – by Hermann et 

al., 2007 – to nowadays, has been identified three distinct cognitive phenotypes in TLE: (I) patients 

with memory and language impairment; (II) patients with minimal or no impairment, and (III) patients 
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with a generalized and pervasive impairment (Hermann et al., 2007, 2020; Reyes et al., 2019, 2020). 

Patients with generalized impairment are characterized by longer disease duration, while patients with 

no impairment have more years of education. However, patients demonstrating the classic TLE profile 

(i.e., both language and memory impairment) seem not more likely to have an earlier age at onset 

and/or HS compared to other groups (Reyes et al., 2020). 

 

1.2. Brain Morphometry 
Brain morphometry is a subfield of both morphometry and brain sciences, whose main goal 

is to obtain quantitative biomarkers, and provide a measurement of brain structures and their changes 

during development, aging, learning, disease, and evolution. 

Neuroimaging has accelerated our knowledge of the brain and plays an important role in the 

diagnosis and treatment of patients with epilepsy (van Vliet et al., 2017). Magnetic resonance imaging 

(MRI) is the choicest method for non-invasive assessments of brain structure, it is used for disease 

monitoring, and therapy control in a wide range of neurological and neurogenerative disorders, which 

are often associated with structural changes of the brain (Alexander-Bloch et al., 2013). Due to the 

high complexity of the human brain, MRI has allowed researchers to quantify in vivo structural and 

functional information related to neurodevelopment, brain aging, and diseases’ progressions. The 

most frequent MRI images employed in brain morphometry are 3D conventional structural MRI T1-

weighted (T1), and Diffusion-weighted imaging (DWI), like the Diffusion tensor imaging (DTI) 

sequences. Through these sequences, a variety of anatomical features can be quantified with brain 

morphometry methodologies. While T1s are more likely used to explore the grey matter (GM) changes, 

damages, and differences between healthy subjects and pathology processes, DTI sequences are 

dedicated to the study of the in vivo tissue microstructure of the white matter (WM). DTI provides 

measures of diffusivity (i.e., mean diffusivity, MD) and directionality of diffusion (i.e., fractional 

anisotropy, FA) (O’Donnell & Westin, 2011). Diffusion-based tractography enables the graphical 

reconstruction of the WM pathways in the brain. This technique has many potential clinical 

applications and is fundamental to studying structural connectivity brain patterns. 

In the present chapter, a brief introduction focused on 3D T1-weighted MRI morphometry 

methodologies is presented. Voxel-based morphometry (Ashburner & Friston, 2000) and Surface-

based morphometry (Dale et al., 1999; Fischl et al., 1999) are the principal methodologies used for 

estimating cortical morphology measures starting from 3D T1 sequences. These two techniques share 

common processes, both starting with 3D T1 MRI preprocessing and conclude with statistical analysis. 
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However, the middle steps are different in those pipelines, and different factors influence their 

reliability (Fig. 1.5).  

 

 
Figure 1.5. Differences in data processing steps in VBM and SBM taken from Goto et al., 2022. Figure A shows the 
processes for each method, which are both initiated by preprocessing and finished by statistical analysis. Major points of 
difference between VBM and SBM processing are highlighted with three boxes in the middle between preprocessing and 
statistical analysis. Figure B shows the difference in the measurement of grey matter volume in VBM and SBM. In VBM 
the GM volume is calculated from voxel size and signal intensity on a segmented grey matter image used as a tissue 
probability map. In SBM the GM volume is calculated from area size and grey matter thickness. CSF: cerebrospinal fluid; 
GM: grey matter; SBM, surface-based morphometry; VBM, voxel-based morphometry; WM: white matter. 
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1.2.1. Voxel-based morphometry 

Voxel-based morphometry (VBM) is a neuroimaging technique commonly used to estimate 

the differences in brain tissue concentrations through a voxel-wise comparison of multiple brain 

images (Ashburner & Friston, 2000). Voxel-based methods establish voxel-for-voxel correspondence 

across subjects through nonlinear registration of multiple subjects' brain images to a standard 

anatomical template (Memarian et al., 2013), using the following equation: signal intensity inside voxel × 

volume of voxel (Goto et al., 2022). The preprocessing is composed of three steps: (I) tissue classification, 

(II) spatial normalization, and (III) spatial smoothing (Kurth et al., 2015). The final step of VBM 

involves voxel-wise statistical analysis that commonly includes group comparisons or correlations with 

covariates of interest (Fig. 1.6; Mechelli et al., 2005; Keller & Roberts, 2008). 

 

 
Figure 1.6. Graphical representation of the VBM steps from preprocessing to statistical analysis. 

 

The main value of VBM is the possibility to perform the analysis all over the brain volumes, thus is 

not necessary to establish a prior spatial hypothesis. However, it can be sensitive to various artifacts, 

which include misalignment of brain structures, misclassification of tissue types, differences in folding 



 
Chapter 1 

 

 11 

patterns, and in cortical thickness (Ashburner, 2009). These artifacts may confound the statistical 

analysis, could decrease the sensitivity, and increase the chance of false positives. Finally, the major 

limitation of VBM is the interpretation of the results, because this methodology is not capable to 

distinguish whether the volumes change is related to a change in cortical thickness or in cortical surface 

area (Voets et al., 2008; Winkler et al., 2010). 

 

1.2.2. Surface-based morphometry 

Surface-based morphometry (SBM) is a brain morphometric technique used to reconstruct 

and analyze surfaces that represent structural boundaries within the brain (Memarian et al., 2013). 

While VBM is primally used to estimate the GM volume, SBM can estimate a variety of features, like 

cortical thickness, cortical and subcortical volumes, surface area, and gyrification (Fig. 1.7; Mills & 

Tamnes, 2014). These morphometric measures are derived from geometric models of the cortical 

surface or surface-based models of subcortical structures (Memarian et al., 2013).  

 

 
Figure 1.7. Graphical representation of the features acquirable with surface-based morphometry techniques. On the left, 
the variety of features is measurable with a surface-based approach. On the right, the volume is measurable with a volume-
based approach. 
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The preprocessing steps involved in SBM of the brain are similar to the VBM’s ones (i.e., skull 

stripping, signal nonuniformity correction as the preprocessing step, and tissue segmentation, spatial 

normalization, smoothing of the normalized image, and statistical analysis) (Goto et al., 2022). The 

most popular software packages to perform SBM are (I) FreeSurfer (Martinos Center for Biomedical 

Imaging, Boston, USA), (II) CIVET (McConnell Brain Imaging Center, Montreal, Canada), and (III) 

Computational Anatomy Toolbox 12 (CAT12) (Structural Brain Mapping Group, Jena, Germany). 

These methods use different approaches in cortex segmentation: FreeSurfer uses a model-based 

deformation approach, CIVET uses a skeleton-based reconstruction approach, and CAT12 uses a 

projection-based thickness approach (Redolfi et al., 2015; Righart et al., 2017). The most popular 

package to perform SBM, and the one used for all the studies included in this doctoral thesis, is 

FreeSurfer (Fischl, 2012; https://surfer.nmr.mgh.harvard.edu). Thus, the following SBM 

computational steps described are referring to the FreeSurfer pipeline and are illustrated in Figure 

1.8. 

 

 
Figure 1.8. Graphical representation of FreeSurfer pipeline. 

 

First, the WM surface and the pial surface are extracted and used to create the segmented tissue images 

(Dale et al., 1999). The two boundaries are determined based on voxel intensity information. Thus, 



 
Chapter 1 

 

 13 

two boards are created: the first border divides the WM and the GM, and the second divide the GM 

and CSF. WM is divided between the two cortical hemispheres, and surface tessellation is performed 

for each hemisphere at each border voxel. This process is a determination of a square consisting of 

two triangles to separate WM from GM. The surfaces’ vertices are used to estimate the indexes of 

cortical morphology – thickness, area, volume, and gyrification (Fig. 1.7) – as follows.  

I. The cortical thickness is defined at each WM vertex as the shortest distance to the pial surface. 

II. The cortical area at each vertex can be computed as the average area of all the triangles which 

include the vertex.  

III. The GM volume is measured as the product of cortical thickness and surface area at each ROI. 

IV. The whole brain gyrification index is defined as the ratio of the total pial surface over the total 

perimeter of the brain. 

While with a VBM approach the normalization is performed in 3D, in SBM the spatial normalization 

from the native space to a standard surface space is performed on the 2D cortical sheet (Fig. 1.5; 

Fischl et al., 1999, 1999). Thus, identifying corresponding points on different cortical surfaces requires 

the establishment of a uniform surface-based coordinate system. For this aim, the patient’s WM 

surface is going to get “inflated” to the shape of a sphere, and the geometric quantification of the WM 

surface is transferred to the sphere (Fig. 1.8; Greve & Fischl, 2018). The registration is performed in 

a spherical space, and the folding pattern quantification technique is used to drive a nonlinear, surface-

based, inter-subject registration procedure that aligns the cortical folding patterns of each subject to a 

standard surface space. This technique is similar to the normalization on the MNI space used by VBM 

(Greve & Fischl, 2018). As for the VBM, the smoothing process is performed before statistical 

analysis. However, in SBM, the spatial smoothing is performed in parameter maps of factors (e.g., 

cortical thickness) on the spherical surface by the Gaussian smoothing kernel (Greve & Fischl, 2018) 

for a reduction in inter-individual variation. After smoothing, various indices like cortical thickness, 

area, and volume, are obtained at each vertex. Then, statistical analysis (i.e., group analysis) is 

performed vertex by vertex and allows the comparison between two groups with spatially smoothed 

index images. To estimate the morphology with the atlas-based method, FreeSurfer uses a non-

smoothed index image. With this method, is possible to demonstrate the absolute index values (Zheng 

et al., 2019). The possibility to explore different GM features (i.e., cortical thickness, volume and/or 

surface) and the atlas-based method make SBM more precise than VBM, allowing a better 

interpretability of the results thank to the parcellation in well-defined brain atlas (Desikan et al., 2006; 

Destrieux et al., 2010). However, this procedure is very computational demanding (Rebsamen et al., 
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2020). Moreover, the good quality of the results needs a manual inspection, or dedicated quality 

control pipeline, sometimes manual edits are required.  

 

1.2.3. Brain morphometry in epilepsy 

The use of brain morphometry methodologies to study brain MRIs is strongly related to the 

concept of imaging biomarkers. Biomarkers are quantitative biological measurements that provide 

information about a disease or a treatment response. Some biomarkers are commonly used to identify 

people at risk for a condition, others are used to diagnose disease, assess its progression, and/or 

predict disease outcome (Davis et al., 2008). The Biomarkers Definitions Working Group – an NIH-

convened working group – in 2001 defined a biomarker as “a characteristic that is objectively measured and 

evaluated as an indicator of normal biologic processes, pathogenic processes, or pharmacological responses to a therapeutic 

intervention” (Atkinson et al., 2001).  

Epilepsy is recognized as a network disease, characterized by a widespread structural alteration 

beyond the epileptogenic focus (Bernhardt et al., 2015; Vaughan et al., 2016). Although, HS is the 

most common pathological substrate of MTLE, is frequently observed extrahippocampal 

abnormalities, especially in the thalami, but even in the neocortex as well (Keller & Roberts, 2008; 

Bernhardt, Worsley, et al., 2009; Blanc et al., 2011; Labate et al., 2011; Vaughan et al., 2016). Even in 

generalized epilepsies – Idiopathic Generalized Epilepsy (IGE) and childhood syndromes – are often 

reported neocortical abnormalities (Bernhardt, Rozen, et al., 2009; O’Muircheartaigh et al., 2011; 

Vollmar et al., 2011; Ronan et al., 2012; Overvliet et al., 2013). Thus, cortico-subcortical networks’ 

disturbances seem to characterize many common epilepsies (Berg et al., 2010), however, the causes 

and the patterns underlying these disturbances are still unknown, as well as their relation to functional 

declines (Vlooswijk et al., 2010; N. Bernasconi, 2016; Nickels et al., 2016). The identification of 

biological patterns common underlying focal and generalized epilepsy syndromes may be used as 

biomarkers and therapeutic targets which could optimize treatment strategies (Pitkänen et al., 2016). 

To address these aims, MRI has been fundamental in our understanding of brain processes underlying 

epilepsy. Still, large samples seize are needed to report consistent MRI findings and hypothetical 

imaging biomarkers.  

Enhancing Neuro Imaging Genetics through Meta-Analysis (ENIGMA) is a global initiative 

combining samples from studies all over the world into a large-scale sample with coordinated image 

processing, integrating phenotypic, genomic, and MRI imaging data from research centers worldwide 

(Thompson et al., 2020). ENIGMA-Epilepsy is a working group of ENIGMA aiming to: (I) create a 
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worldwide network of epilepsy neuroimaging centers; (II) collect summary statistics on brain shape, 

brain volume, and white matter connectivity from people with epilepsy and neurologically healthy 

controls; (III) compare and contrast these measures in affected/unaffected groups and, accordingly, 

illustrate possible differences between the two; (IV) identify structural differences between the primary 

forms of epilepsy and major types of seizure; (V) develop collaborations and infrastructure for future 

analyses (Sisodiya et al., 2020). The first projects of the ENIGMA-Epilepsy working group explored 

the structural and diffusion MRI patterns using advanced brain morphometry techniques across 

epilepsy syndromes in large and heterogenous sample sizes from centers worldwide (Whelan et al., 

2018; Hatton et al., 2020). Whelan and colleagues used ROI-based morphometry to explore the 

sharing and differential biological cortico-subcortical patterns across different epilepsy syndromes. 

Their results suggested a common neuroanatomical signature shared by all epilepsies, regardless of the 

specific syndromes, characterized by local atrophy in the thalamus formation, pallidum, precentral 

gyrus, paracentral gyrus, and superior frontal cortices. Both left and right MTLEs showed an ipsilateral 

HS, as expected, without any significant results regarding the contralateral hippocampus. Moreover, 

this study confirmed previously suggested; MTLE seems to be a network disease, that involves 

extrahippocampal subcortical abnormalities (i.e., ipsilateral atrophy of thalamus and pallidum) and 

widespread atrophy in cortical thickness in many extratemporal regions. This result will be replicated 

a few years later in another ENIGMA-Epilepsy study by Larivière et al. (2020). These authors 

confirmed profound atrophy in the bilateral precuneus, bilateral precentral and paracentral gyri, and 

superior temporal cortices, as well as the ipsilateral hippocampus and ipsilateral thalamus in patients 

with TLE. IGE is typically associated with “normal” or negative MRI (Woermann et al., 1998), 

however, both these ENIGMA-Epilepsy studies highlighted a central involvement of the thalamus 

formation and precentral gyri (Whelan et al., 2018; Larivière et al., 2020). These studies contributed to 

determining a robust brain structural GM pattern within and between epilepsy syndromes, moreover, 

these findings may provide a neuroanatomical map of common epilepsies and may support future 

neuropathological work, animal mode, and gene expression studies (Whelan et al., 2018). Once 

epilepsy was considered primarily a GM disease, however, studies employed diffusion MRI revealed 

that both focal and generalized epilepsies are characterized by widespread WM alterations, even in the 

absence of visible MRI lesions (Engel et al., 2013). While TLE-HS patients exhibited WM 

abnormalities both proximal to and distant from the epileptogenic focus (Focke et al., 2008; Ahmadi 

et al., 2009; Labate et al., 2015; Caligiuri et al., 2016), IGE patients have demonstrated microstructural 

compromise in bilateral frontal and parietal regions, and in thalamocortical pathways (Keller et al., 
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2011; C.-Y. Lee et al., 2014; Szaflarski et al., 2016). WM disruption in epilepsy is widely important, 

especially because of its link to cognitive performances (C. R. McDonald, Ahmadi, et al., 2008; 

Yogarajah et al., 2008, 2010) and its role in postsurgical seizure outcomes (Bonilha et al., 2015; Keller 

et al., 2015; Gleichgerrcht et al., 2018). The second project from ENIGMA-Epilepsy aimed to map 

the WM disruption in common epilepsy syndromes compared to a control population (Hatton et al., 

2020). This was the first study that investigated WM in a large sample of patients composed of 

different epilepsy syndromes. The alteration found were more robust in the frontal regions’ tracts and 

in the external capsule, these results mirroring the structural findings by Whelan and colleagues. 

According to previous literature (Slinger et al., 2016), Hatton and colleagues confirmed a pronounced 

and wide spreader WM injury in TLE compared to other epilepsy syndromes. Moreover, their results 

highlighted a stronger pattern in TLE with HS pathology, especially ipsilateral to the seizure focus, 

and in those WM tracts afferent and efferent to the hippocampal formation. The same pattern of WM 

disruption was found in TLE with a negative MRI, however, this kind of TLE seemed to be milder 

compared to TLE-HS. IGE patients reported modest alteration compared to focal epilepsy patients. 

Confirming previous results by Slinger et al., IGE seemed to be characterized by disruption in 

commissural, projection, and cortico-cortical pathways, supporting the hypothesis of a fronto-

thalamic pathology underlying this epileptic syndrome. 
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2.1. Introduction 
The amygdalar nuclear complex and hippocampal/parahippocampal region are key 

components of the limbic system that play a critical role in emotion, learning and memory, and 

complex behavior . In Temporal Lobe Epilepsy (TLE) the greatest attention has been focused on the 

hippocampus as hippocampal sclerosis (HS) is recognized as the most common cause of TLE (Coan, 

Morita, Campos, et al., 2013; H.-G. Wieser, 2004). However, accumulating evidence suggests the 

amygdala as a key component in TLE in association or independent from HS (Na et al., 2020). In 

patients with MRI-negative TLE (TLE-MRIneg), the absence of obvious epileptogenic lesions on 

routine visual assessment carries delays in surgical referral and in many cases the need for intracranial 

recordings before surgery. Advanced MRI morphometric approaches might contribute to reveal subtle 

structural abnormalities linked to the epileptogenic process (Morita-Sherman et al., 2021). Recently, 

different studies described an increased amygdala volume (named amygdala enlargement, AE) in 

patients with TLE-MRIneg. Evaluation of AE differed between studies: while in some studies the 

increased amygdala’s volume was observed by qualitative visual assessment (Kim et al., 2012; Lv et al., 

2014; Minami et al., 2015; Mitsueda-Ono et al., 2011), in others it was revealed after post-processing 

MRI approaches (Coan, Morita, Campos, et al., 2013; Coan, Morita, de Campos, et al., 2013; Reyes et 

al., 2017). Overall, AE is reported on MRI in patients with non-lesional TLE at rates that range from 

12% to 63% (Bower, 2003; Coan, Morita, de Campos, et al., 2013; Minami et al., 2015), leading to the 

hypothesis that AE represents a distinct subtype of TLE (Lv et al., 2014) with specific nosological 
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characteristics. This scenario however is complicated by the observation of AE also in patients with 

MRI-negative Extra temporal lobe epilepsy, thus suggesting that AE can be a feature associated to 

“non-lesional” focal epilepsy (Reyes et al., 2017) but not specific to TLE. The amygdala formation is 

commonly treated as a single entity in structural MRI; however, it is composed of multiple nuclei, each 

exhibiting different connectivity and histochemical profiles (Janak & Tye, 2015). Due to the small size 

of the amygdala, no prior studies focused on changes of amygdala subnuclei in patients with TLE. 

Thanks to recent advances in parcellation methods, it is possible to label amygdala subnuclei and 

automatically provide volumetric information for each one based on an in vivo atlas (Saygin et al., 

2017). The amygdala subnuclei might be further organized in groups or complexes based on their 

reciprocal connections and specific functions (Sah et al., 2003). These approaches have been 

successfully applied in patients with psychiatric conditions (Armio et al., 2020; Asami et al., 2018; Cui 

et al., 2020) but up to date not in the epilepsy field.  

In the present work, by investigating the morphometric characteristics of the amygdala 

substructures, we aim to map specific amygdala subnuclei participation in TLE-HS and TLE-MRIneg 

thus providing increased knowledge about the pathophysiological networks that mediate the 

amygdalar involvement in temporal lobe epilepsies. 

 

2.2. Methods and Materials 
2.2.1. Study population 

We retrospectively reviewed a cohort of consecutive patients with diagnosis of TLE who 

underwent a structural brain MRI study for diagnostic purposes at a 3 Tesla MRI scan between April 

2016 and April 2021 at the Neurology Unit, OCB Hospital (Modena, Italy). The inclusion criteria 

were: (I) age older than 18 years; (II) a brain MRI protocol encompassing at least a three-dimensional 

(3D) high-resolution T1-weighted (T1-3D) sequence. We excluded patients with: (I) abnormalities on 

the MRI scan except for hippocampal sclerosis; (II) patients older than 65 years old; (III) patients with 

progressive diseases (e.g., neurodegenerative disorders, encephalopathies); (IV) patients with previous 

neurosurgery; (V) patients in whom the diagnostic work-up (including cerebrospinal fluid analysis, 

CSF) suggested an autoimmune etiology; (VI) patients with bilateral seizures’ onset zone based on 

clinical investigations; (VII) patients with reported seizures in the 48 hours before the MRI scan. This 

latter criterion is motivated by the intention to avoid any bias in amygdala volume estimation 

temporally related to the occurrence of ictal activity (Lv et al., 2014; Mariajoseph et al., 2021). TLE 

patients were divided in TLE-MRIneg, if no focal lesion was observed on the MRI, and TLE-HS if 
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the structural MRI scan showed an alteration consistent with hippocampal sclerosis (HS). A 

population of patients with focal epilepsy rather than TLE (Extra-TLE) was included as an epilepsy 

control population. Inclusion and exclusion criteria were the same as TLE groups, except for the 

presence of focal cortical dysplasia (FCD) on the clinical MRI scan after expert evaluation. All the 

recruited patients underwent a comprehensive diagnostic evaluation protocol which included the 

clinical history with seizures’ semiology, neurological examination, prolonged scalp Video-EEG 

monitoring, and structural MRI scan. Interictal FDG-PET was performed when indicated. Epilepsy 

patients’ classification in this study was determined by board-certified neurologists (S.M., G.G., G.T., 

E.M., and A.E.V.) with expertise in epileptology and in accordance with criteria defined by the 

International League Against Epilepsy (Fisher et al., 2017; Scheffer et al., 2017). Specifically, a 

diagnosis of TLE was performed in presence of at least one Video-EEG recorded seizure arising from 

the temporal lobe. Neuroradiological diagnosis and classification of patients were done on visual 

inspection by two neuroradiologists (M.M., and M.G.) with experience in epilepsy. In case of 

discordance, the final classification was reached after a thorough discussion with a neurologist (S.M., 

and A.E.V.). From each patient recruited, we collected clinical information regarding gender, age, 

handedness, side of the epileptic focus, age of seizure onset, duration of epilepsy, the drug-response 

to antiseizures medications (ASMs), and type of ASM at the time of MRI scan. A patient was defined 

as drug-responder if she/he had sustained seizure-freedom during the last 12 months before the MRI 

scan (Kwan et al., 2010). Psychiatric comorbidity was defined as a history of documented psychiatric 

and/or psychological therapy and/or previous psychiatric hospitalization. Finally, the volume 

measurements of subcortical and amygdala nuclei in all the patients’ groups were compared with MRI 

data collected from 30 health controls (HC) matched in age and gender studied with the same MRI 

protocol and analysis. 

 

2.2.2. MRI data and segmentation protocol 

MRI was performed on two different 3T scanners adopting an epilepsy-dedicated protocol: a 

3.0 Tesla Philips Intera MRI scanner (Best, The Netherlands) (for patients recruited between 2016-

2017), and a 3.0 Tesla GE Healthcare MRI scanner (Chicago, United States of America) (for patients 

recruited after 2018). As common sequences, the protocols included a 3D T1-weighted sequence, a 

3D fluid-attenuated inversion recovery (FLAIR), and a bidimensional coronal T2-weighted image 

acquired perpendicular to the long axis of the hippocampus. Of note, patients (both TLE and Extra-

TLE) with an increased signal on T2-weighted images on the amygdala, mono or bilaterally, were 
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excluded from further analysis, after expert visual evaluation. This procedure was applied as changes 

in the amygdala signal at MRI (particularly increased in T2/FLAIR signal) might be secondary to 

recurrent seizures instead of reflecting structural modifications (Duncan, 2002; Na et al., 2020). T1-

weighted images were analyzed using a standardized image toolbox (FreeSurfer, version 6.0, 

https://surfer.nmr.mgh.harvard.edu), quality assurance (outlier detection based on interquartile of 1.5 

standard deviations along with visual inspection of segmentation), and statistical methods. Visual 

inspections of subcortical segmentations were conducted following standardized ENIGMA protocols 

(http://enigma.usc.edu), used in prior genetic studies of brain structure (Hibar et al., 2018; Stein et al., 

2014), large-scale case-control studies of epilepsy (B. Park et al., 2022; Whelan et al., 2018) and 

neuropsychiatric illnesses (Boedhoe et al., 2018; Schmaal et al., 2016). The amygdala subnuclei 

segmentation module, which is only present in the FreeSurfer dev version 

(ftp://surfer.nmr.mgh.harvard.edu/pub/dist/freesurfer/dev), was used to parcellate the amygdala in 

nine nuclei for each side: anterior amygdaloid area (AAA), cortico-amygdaloid transition area (CAT), 

basal (Ba), lateral (La), accessory basal (AB), central (Ce), cortical (Co), medial (Me), and paralaminar 

(PL) nuclei (Saygin et al., 2017) (Fig. 2.1).  

 

 
Figure 2.1. Amygdala subnuclei segmentation module based on Saygin & Kliemann, 2017 pipeline. 

 

To account for correct subfield delineations, segmentations were visually inspected after processing. 

Analysts (A.B., M.T., and F.T.) were blind to participant diagnoses. Moreover, based on their 
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cytoarchitectonics, histochemistry, and connections(Price et al., 1987), the different nuclei of amygdala 

were subdivided into three main regions or complexes: (I) the deep group represented by the 

basolateral complex (BLA), which includes the lateral nucleus, the basal nucleus, the accessory basal 

nucleus, and the paralaminar nucleus; (II) the superficial group named cortical complex (CC), which 

include the cortical nucleus; (III) and the central-medial complex (CMC) composed by the medial and 

the central nuclei (Fig. 2.1). In separate analyses, we also performed the segmentation of hippocampal 

subfields (Iglesias, Augustinack, et al., 2015) and thalamic structures (Iglesias et al., 2018) as 

implemented in the FreeSurfer dev version 

(ftp://surfer.nmr.mgh.harvard.edu/pub/dist/freesurfer/dev). These additional segmentations were 

required because of the strict anatomical and functional relationships between the hippocampus, 

thalamus, and amygdala. As far as the hippocampal subfields we obtained the volumes of the following 

structures bilaterally: hippocampal body, hippocampal head, hippocampal tail, hippocampal fissure, 

subiculum, presubiculum, parasubiculum, CA1, CA2/3, CA4, molecular layer, granule cell and 

molecular layer of the dentate gyrus (GC-ML-GD), fimbria, and hippocampal-amygdala transition 

area (HATA). We also calculated the volumes of 25 individual thalamic nuclei for each side, including 

the anteroventral nuclei in the anterior group; the laterodorsal and lateral posterior nuclei in the lateral 

group; the ventral anterior, ventral anterior magnocellular, ventral lateral anterior, ventral lateral 

posterior, ventromedial, and ventral posterolateral nuclei in the ventral group; the central medial, 

central lateral, paracentral, centromedian, and parafascicular nuclei in the intralaminar group; the 

paratenial, medial ventral, mediodorsal medial magnocellular, and mediodorsal lateral parvocellular 

nuclei in the medial group; and the lateral geniculate, medial geniculate, suprageniculate, pulvinar 

anterior, pulvinar inferior, pulvinar lateral, and pulvinar medial nuclei in the posterior group. 

 

2.2.3. Statistical analysis 

One-way ANOVAs were used to assess differences in demographic and clinical variables 

among groups when distributed normally, Kruskal-Wallis tests were performed otherwise. Fisher’s 

exact tests were performed on categorical variables. Volume measurements across the two different 

MRI scanners were harmonized using the “neuroCombat” (Fortin et al., 2018; Johnson et al., 2007) 

package for R (https://cran.r-project.org/). After harmonization, the volumes of all subcortical 

structures and the volumes of amygdala subnuclei and complexes were converted into z-scores based 

on the mean and standard deviation (SD) of HC population. To confirm the success of the scanner 

harmonization, we performed an independent sample t-test between the z-scored volumes of the 
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whole left and right amygdala obtained after ComBat harmonization in all patients’ groups. The 

statistical significance of differences in mean volumes between left and right amygdala sub-structures 

in HC population was assessed using paired t-tests to check for asymmetries. To account for the side 

of the epileptic focus, subcortical measurements of right TLE and Extra-TLE patients were flipped 

in order to have all the morphometric data of the epileptic focus on the left hemisphere. All 

morphometric subcortical analyses are then reported as ipsilateral or contralateral respect with the 

epilepsy focus. After testing the normality of morphometric data with Shapiro-Wilks test, group 

differences for subcortical, hippocampal subfields, thalamus, and amygdala substructures volumes 

were examined using multivariate analyses of covariance (MANCOVAs) with one between-subjects 

grouping factor (groups: TLE-HS, TLE-MRIneg, Extra-TLE, and HC) with age, gender, and 

estimated total intracranial volume (eTIV) as covariates. The eTIV is a reliable indirect measure of the 

head size (Hansen et al., 2015) and is used as a covariate in most large-scale ENIGMA collaborations 

studies in epilepsy (Larivière et al., 2020; B. Park et al., 2022; Sisodiya et al., 2020; Whelan et al., 2018). 

All the analyses were followed by Bonferroni post-hoc correction. To estimate the effect size, 

independent two-sample t-tests were performed between the studied populations, and Cohen’s d value 

was reported. Logistic regression was performed to test the relationship between the not flipped 

volumes of the amygdala structures that resulted significantly different across groups and the clinical 

diagnosis. Additionally, the accuracy of these models was assessed by areas under the curve (AUCs) 

with 95% confidence intervals obtained by the receiver operating characteristic (ROC) curve. Finally, 

correlation analyses between the flipped amygdala volumes and clinical variables (age of epilepsy onset, 

duration of illness, and number of ASMs) were performed for the TLE patients. In the correlations 

age, gender, and eTIV were included as confounding factors. Independent sample t-tests were used 

to determine whether there were group differences in drug-response and psychiatric comorbidity in 

relation to the volume of amygdala subnuclei. All statistical analyses were performed using SPSS 

software 27 (IBM, Chicago, IL). Statistical significance for all tests was set at p<.05. 

 

2.3. Results 
2.3.1. Patients’ population demographic and clinical characteristics 

Out of an original pool of 116 TLE patients, 48 were recruited. The remaining 68 patients 

were excluded for lack of T1-3D sequence in the MRI protocol (n=13), progressive neurological 

diseases (e.g., AD, encephalopathies, n=5), age older than 65 years old (n=5), previous neurosurgery 

(n=3), structural lesions different from HS (e.g., LEAT “Long-term Epilepsy Associated Tumors”, 
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FCD, amygdala signal changes, n=33) and segmentation errors after the FreeSurfer post-processing 

process (n=9).  Among the TLE group, 24 patients were classified as TLE-HS and 24 as TLE-MRIneg. 

Demographic and clinical characteristics are summarized in Table 2.1. The Extra-TLE group was 

constituted by 20 patients, 14 (70%) with Frontal Lobe Epilepsy (FLE) and 6 (30%) with Parietal Lobe 

Epilepsy (PLE). 12/20 Extra-TLE patients (60%) had cryptogenic epilepsy, 6/20 (30%) a frontal focal 

cortical dysplasia (FCD), 2/20 (10%) a FCD in the parietal lobe. Interictal FDG-PET was available in 

15 TLE and 7 Extra-TLE patients and the revealed hypometabolism confirmed the electro-clinical 

hypotheses in all cases. Out of all patients’ cohort, seven patients underwent epilepsy surgery: five 

TLE-HS and two Extra-TLE. Histology confirmed the hippocampal sclerosis in all TLE-HS, and two 

FCD type Ia were reported in Extra-TLE. In two TLE-HS postsurgical specimens, an amygdala gliosis 

was documented by the pathologist. Mean follow-up after surgery was 34 months and all patients are 

in Engel Class Ia (Engel, 1993). No statistical differences were observed between groups in age, gender 

distribution, and eTIV. Across epilepsy groups there were no statistical differences in the side of the 

epileptic focus, age at epilepsy onset, and epilepsy’s duration. Despite the greater number of drug-

resistant patients in the TLE-HS group, the drug-response status did not show a significant difference 

between the epilepsy groups. There was a statistically significant difference in the number of 

antiseizure meds between groups: Extra-TLE were on polytherapy more frequently compared with 

TLE-MRIneg (pBonferroni=.011). Psychiatric comorbidity was documented in 11 patients mainly 

represented by TLE: the reported symptoms in all patients were compatible with a mixed anxiety-

depressive disorder (MADD) (Kara et al., 2000). 
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Table 2.1. Demographic and clinical characteristics of the studied populations  
 
 

TLE-MRIneg 
(N=24) 

TLE-HS 
(N=24) 

Extra-TLE 
(N=20) 

HC 
(N=30) p-value Pairwise 

comparison# 

Gender, M/F 8/16 9/15 11/9 11/19 0.498F  

Age, y 36.54(13.97) 40.46(12.13) 34.75(13.63) 35.27(5.82) 0.366K-W  

Age of onset, y 29.21(14.63) 25.25(14.54) 21.80(15.42) - 0.117K-W  

Epilepsy duration, y 7.50(8.27) 15.29(12.10) 12.50(10.89) - 0.725K-W  

Side, L/R 14/10 15/9 10/10 - 0.748F  

ASMs-respondents, 
Yes/No 14/10 6/18 7/13 - 0.054F  

N° of ASMs 1.92(0.88) 2.38(0.71) 2.55(0.76) - 0.031K-W* Extra-TLE > TLE-MRIneg  
(p = .011) 

Psychiatric comorbidity, 
Yes/No 3/21 5/19 3/17 - 0.780F  

eTIV, mm3 1422561 
(144470) 

1446261 
(180209) 

1521645 
(173721) 

1457345 
(213170) 0.334A  

Data are presented in means, standard deviations (SDs) are presented in the parentheses. F: Fisher’s exact test, K-W: 
Kruskal-Wallis test, A: one-way ANOVA, #: significant p-value of pairwise comparisons between groups using 
Bonferroni method. *: p<.05, **: p<.01, ***: p<.001. 
 

2.3.2. Subcortical structures 

The MANCOVAs analyses highlighted a decreased volume in the hippocampus ipsilateral to 

the epileptic focus in TLE-HS compared to all the other groups [TLE-MRIneg, Extra-TLE, and HC: 

F(3,91)=12.498, p<.000] and an increased lateral ventricular volume bilaterally [F(3,91)=5.561, p=.002 

for the left ventricle; F(3,91)=4.838, p=.004 for the right ventricle]. An independent sample t-test 

between TLE-HS and HC showed also a significant atrophy of the bilateral thalamus in TLE-HS 

group compared to HC [left thalamus: t(52)=-2.381, p=.021, d=-.652; right thalamus: t(52)=-2.189, 

p=.033, d=-.599], while no significant differences were observed for basal ganglia and accumbens 

nucleus. There were no significant differences in subcortical structures between TLE-MRIneg and 

HC, between Extra-TLE and HC, and between TLE-MRIneg and Extra-TLE groups (Fig. 2.2).  
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Figure 2.2. Graphic representations of subcortical comparison between patients’ groups and HC, and within patients’ 
populations. The comparison between TLE-HS and the other groups, and TLE-MRIneg and the other groups are 
represented with Cohen’s d effect size value starting from absolute z-score volumes. Blue colors indicate a decrease of 
volume in subcortical structures, red colors indicate an increase in volume of subcortical structures. In the box on the 
top is presented the legend of subcortical structures examined. The present images were created by using the ENIGMA-
Toolbox by Larivière et al., 2021. 
 

As far as the hippocampus subfield’s parcellation, the MANCOVA analysis did not find any 

differences in the volumes of hippocampal structures between TLE-MRIneg, Extra-TLE, and HC 

populations. As expected, TLE-HS patients showed overall atrophy of hippocampal subfields 

ipsilateral to HS compared to all other patients and HC. Few ipsilateral subfields appeared unimpaired 

by HS: the hippocampal fissure, parasubiculum, fimbria, and HATA. The CA4 and dentate gyrus head 

appeared atrophic even contralaterally. Regarding the thalamus segmentation, the MANCOVA 

analysis demonstrated isolated atrophy of the ipsilateral mediodorsal magnocellular nucleus in TLE-

HS patients compared to all populations (versus HC: pBonferroni=.024, versus TLE-MRIneg: 

pBonferroni=.025, versus Extra-TLE: pBonferroni=.038), and of the ipsilateral anterior portion of the pulvinar 

compared to HC (pBonferroni=.005). No differences were observed between TLE-MRIneg, Extra-TLE, 

and HC. An independent sample t-test between TLE-HS and HC groups showed a generalized 

atrophy of whole ipsilateral thalamus [t(52)=-2.181, p=.034, d=-.597] and, particularly, of nuclei 
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belonging to the anterior [anteroventral: t(52)=-2.373, p=.021, d=-.650], intralaminar [central medial: 

t(52)=-2.622, p=.011, d=-.718; and paracentral: t(52)=-2.270, p=.027, d=-.622], medial group [medial 

ventral: t(52)=-2.308, p=.025, d=-.631, mediodorsal medial magnocellular: t(52)=-3.449, p=.001, d=-

.945, and mediodorsal lateral parvocellular: t(52)=-2.697, p=.009, d=-.739], the whole pulvinar 

[t(52)=-2.341, p=.023, d=-.641], particularly the anterior [t(52)=-3.388, p=.001, d=-.928] and medial 

[t(52)=-2.471, p=.017, d=-.677] portions. The same nuclei of the intralaminar and medial group as 

well as the anterior and medial pulvinar nuclei were atrophic also contralaterally to the HS. Regarding 

the amygdala subnuclei and complexes, results are summarized in Table 2.2 and in Fig. 2.3 and 2.4. 

There were no differences in the amygdala volumes between left and right hemispheres in HC.  

 
Table 2.2. Morphometric comparison of amygdala substructures between patients’ groups and HC 

  TLE-MRIneg TLE-HS Extra-TLE HC F p-value Pairwise  
comparison# 

Ipsilateral Whole 
amygdala 

1821.383 
(202.543)* 

1657.693 
(264.616)* 

1902.373 
(272.393)* 

1799.279 
(209.579)

* 
4.639 0.005** 

TLE-HS < HC 
(p=.040) 
TLE-HS < TLE-
MRIneg (p=.010) 
TLE-HS < exTLE 
(p=.018) 

 Lateral 
nucleus 

670.808 
(68.034)* 

619.674 
(93.304)* 

711.153 
(106.522)* 

673.051 
(77.678) 4.064 0.009** 

TLE-HS < TLE-
MRIneg (p=:044) 
TLE-HS < exTLE 
(p=.016) 

 Basal nucleus 461.260 
(49.973)* 

418.723 
(70.350)* 

481.192 
(68.681)* 

456.974 
(58.518)* 4.320 0.007** 

TLE-HS < HC 
(p=.042) 
TLE-HS < TLE-
MRIneg (p=.015) 
TLE-HS < exTLE 
(p=.027) 

 AB nucleus 283.686 
(41.460)* 

256.723 
(43.831)* 

290.711 
(44.443) 

276.833 
(34.705) 3.833 0.012* TLE-HS < TLE-

MRIneg (p=.012) 

 Paralaminar 
nucleus 

50.994 
(4.904)* 

45.889 
(8.131)* 

53.368 
(7.486)* 

51.643 
(6.789) 4.728 0.004** 

TLE-HS < HC 
(p=.011) 
TLE-HS < TLE-
MRIneg (p=.016) 
TLE-HS < exTLE 
(p=.024) 

 Central 
nucleus 

49.967 
(10.638)* 

43.936 
(8.812)* 

49.536 
(9.803) 

47.455 
(7.999) 3.142 0.029* TLE-HS < TLE-

MRIneg (p=.023) 

 Medial 
nucleus 

26.562 
(7.952)* 

21.313 
(6.552)* 

26.077 
(6.758) 

20.747 
(4.284)* 5.093 0.003** 

TLE-HS < TLE-
MRIneg (p=.009) 
HC < TLE-MRIneg 
(p=.012) 

 Cortical 
nucleus 

28.540 
(5.278)* 

24.819 
(5.309)* 

28.716 
(4.767) 

26.837 
(4.074) 3.618 0.016* TLE-HS < TLE-

MRIneg (p=.010) 

 AAA 57.656 
(7.266) 

53.203 
(11.486) 

62.079 
(10.311) 

55.937 
(7.980) 2.524 0.063  

 CAT 191.825 
(23.878)* 

174 
(32.102)* 

198.751 
(28.111) 

189.961 
(27.599)* 3.290 0.024* TLE-HS < TLE-

MRIneg (p=.037) 

 Basolateral 
complex 

366.687 
(39.304)* 

335.252 
(52.614)* 

384.106 
(55.194)* 

364.625 
(41.753)* 4.559 0.005** 

TLE-HS < HC 
(p=.033) 
TLE-HS < TLE-
MRIneg (p=.013) 
TLE-HS < exTLE 
(p=.018) 

 Cortical 
complex 

28.540 
(5.278)* 

24.819 
(5.309)* 

28.716 
(4.767) 

26.837 
(4.074) 3.618 0.016* TLE-HS < TLE-

MRIneg (p=.010) 

 Central-medial 
complex 

38.264 
(8.744)* 

32.625 
(7.227)* 

37.807 
(7.579) 

34.101 
(5.490) 4.195 0.008** TLE-HS < TLE-

MRIneg (p=.005) 

Contralateral Whole 
amygdala 

1806.576 
(278.917) 

1720.756 
(164.209) 

1878.866 
(274.433) 

1821.415 
(334.747) 1.326 0.271  

 Lateral 
nucleus 

665.074 
(97.899) 

645.940 
(67.732) 

692.898 
(105.466) 

672.753 
(120.093) 0.802 0.496  

 Basal nucleus 459.111 
(72.231) 

438.850 
(42.867) 

477.929 
(72.681) 

463.525 
(85.591) 1.142 0.336  

 AB nucleus 280.271 
(47.547) 

262.683 
(29.166) 

291.781 
(44.518) 

282.866 
(58.423) 1.644 0.185  
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 Paralaminar 
nucleus 

51.239 
(7.478) 

48.679 
(5.400) 

53.009 
(7.730) 

51.717 
(9.462) 1.648 0.184  

 Central 
nucleus 

50.127 
(11.536) 

46.674 
(6.130) 

49.957 
(11.332) 

49.663 
(14.428) 0.637 0.593  

 Medial 
nucleus 

25.694 
(7.866) 

20.897 
(4.043)* 

26.702 
(6.241)* 

22.502 
(7.397)* 5.095 0.003** 

TLE-HS < exTLE 
(p=.017) 
HC < exTLE 
(p=.037) 

 Cortical 
nucleus 

28.400 
(4.773) 

25.096 
(4.427) 

29.719 
(5.141) 

27.773 
(6.982) 2.962 0.036*  

 AAA 55.857 
(9.450) 

55.197 
(6.812) 

59.703 
(9.067) 

56.643 
(10.189) 0.270 0.847  

 CAT 191.219 
(33.856) 

176.041 
(18.329) 

196.265 
(27.886) 

193.981 
(34.985) 2.504 0.064  

 Basolateral 
complex 

363.924 
(52.249) 

349.038 
(34.039) 

378.904 
(56.331) 

367.715 
(67.395) 1.158 0.330  

 Cortical 
complex 

28.400 
(4.773) 

25.096 
(4.427) 

29.719 
(5.141) 

27.773 
(6.982) 2.961 0.036*  

 Central-medial 
complex 

37.911 
(8.800) 

33.831 
(4.426) 

38.330 
(8.160) 

36.083 
(10.405) 1.575 0.201  

Data (in mm3) are presented in means; Standard Deviations (SDs) are presented in the parentheses. Age, gender, and 
eTIV as covariates. F: MANCOVA’s F-test value. *: p<.05, **: p<.01, ***: p<.001. #: significant p-value of pairwise 
comparisons between groups using post-hoc Bonferroni correction (p<.05). AAA: anterior amygdaloid area, CAT: 
corticoamygdaloid transition area.  
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Figure 2.3. Amygdalar subnuclei comparisons between patients’ groups and HC. Box-and-whisker plots of volumes of 
amygdalar structures ipsilateral and contralateral to the epileptic focus in patients with TLE-HS (a), TLE-MRIneg (b), 
and Extra-TLE (c) standardized relative to HC. The central horizontal line of the boxes marks the median of the sample, 
the upper and lower edges of the box (the hinges) mark the 25th and 75th percentiles (the central 50% of the values fall 
within the box). The open circles represent individual patients. The dashed line on value 0 designates the mean volume 
of HC. The “x” in the middle of each box marks the mean volume for every nucleus. The “*” on the box and/or on 
the complexes name indicates the significant results of the MANCOVA analysis (p<.05) of the volume differences 
between each patients’ group and HC. La: lateral nucleus, Ba: basal nucleus, AB: accessory basal nucleus, PL: paralaminar 
nucleus, Ce: central nucleus, Me: medial nucleus, Co: cortical nucleus, AAA: anterior amygdaloid area, CAT: 
corticoamygdaloid transition area. 
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An overall atrophy of the whole amygdala, ipsilateral to the epileptic focus, was observed in the TLE-

HS versus HC (pBonferroni=.040, d=-.613), TLE-MRIneg (pBonferroni=.010, d=-.708) and Extra-TLE 

(pBonferroni=.018, d=-.958). The atrophy involved particularly the BLA (TLE-HS versus HC, 

pBonferroni=.033, d=-.629; TLE-HS versus TLE-MRIneg, pBonferroni=.013, d=-.693; TLE-HS versus 

Extra-TLE, pBonferroni=.018, d=-.953) and all its constituent nuclei especially the basal nucleus (TLE-

HS versus HC, pBonferroni=.042, d=-.620; TLE-HS versus TLE-MRIneg, pBonferroni=.015, d=-.723; TLE-

HS versus Extra-TLE, pBonferroni=.027, d=-.942) and the paralaminar nucleus (TLE-HS versus HC, 

pBonferroni=.011, d=-.739; TLE-HS versus TLE-MRIneg, pBonferroni=.016, d=-.762; TLE-HS versus 

Extra-TLE, pBonferroni=.018, d=-.968). The cortical complex and its subnuclei were atrophic in the TLE-

HS population versus TLE-MRIneg (pBonferroni=.010, d=-.698) ipsilateral to the epileptic focus. TLE-

MRIneg demonstrated a significant increased volume of the medial nucleus ipsilateral to the epilepsy 

focus versus HC (pBonferroni=.012, d=.792) and versus TLE-HS (pBonferroni=.009, d=.733). Finally, Extra-

TLE showed a statistically significant increase of the medial nucleus volume contralateral to the 

epilepsy focus compared to HC (pBonferroni=.037, d=.839) and TLE-HS (pBonferroni=.017, d=1.014). 

Although not significant, it must be noted the whole amygdala volume of TLE-MRIneg and Extra-

TLE is greater than HC, especially the one ipsilateral to the epileptic focus. Given the results of 

MANCOVAs analyses, we explored the behavior of the BLA and the medial nucleus in all the patients’ 

groups at individual level to isolate the patients in whom the abnormalities were observed. We thus 

considered abnormal values that were ±2 SD from the mean of normal controls. The BLA, ipsilateral 

to the epileptic focus, was reduced in its volume in 5 out of 24 TLE-HS (21%), no TLE-HS patients 

showed BLA enlargement. In TLE-MRIneg group, 6 out of 24 (25%) patients presented a larger 

medial nucleus ipsilateral to the epileptic focus, while the same nucleus resulted enlarged in 3 Extra-

TLE patients (15%), contralateral to the epileptic onset. The medial nucleus was never reduced in its 

volume in any TLE-MRIneg and Extra-TLE patients.  
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Figure 2.4. Graphic representations of amygdalar subnuclei comparisons between patients’ groups and HC, and within 
patients’ populations. Only the amygdala ipsilateral to the epileptic focus is presented. The comparison between TLE-HS 
and the other groups, and TLE-MRIneg and the other groups are represented with Cohen’s d effect size value. Blue colors 
indicate a decrease of volume in amygdala subnuclei, red colors indicate an increase in volume of amygdala substructures. 
La: lateral nucleus, Ba: basal nucleus, AB: accessory basal nucleus, PL: paralaminar nucleus, Ce: central nucleus, Me: medial 
nucleus, Co: cortical nucleus, AAA: anterior amygdaloid area, CAT: corticoamygdaloid transition area. See text for details. 
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Logistic regression analysis 

A multinomial logistic regression analysis showed that the BLA differentiated TLE-HS versus 

HC (β=.780, SE=.297, p=.009). Sensitivity and specificity of this model were 77% and 71% 

respectively (AUC=.704), the positive predictive value (PPV) was 77% and the negative predictive 

value (NPV) was 71%. In TLE-MRIneg, the logistic regression analysis showed the medial nucleus of 

the amygdala was able to discriminate this group from HC (β=.620, SE=.221, p=.005) with a 

sensitivity and a specificity of 53% and 93% respectively (AUC=.714, PPV=87%, NPV=72%). In 

both situations, the AUC measure suggests an acceptable, although not excellent, ability of the BLA 

and medial nucleus volumes to discriminate between patients (TLE-HS and TLE-MRIneg 

respectively) and controls. By counterpart, the volumes of both amygdala’s subregions were not able 

to discriminate between TLE-HS and TLE-MRIneg [medial nucleus (β=.530, SE=.276, p=.054), 

basolateral complex (β=.133, SE=.380, p=.726)].    

 

2.3.3. Correlation analyses  

Age of epilepsy onset, epilepsy duration, number of ASMs, and drug-resistance were not 

correlated with the amygdala morphometric measures in both TLE-HS and TLE-MRIneg. Although 

limited by the small number of patients, we tested any significant relation between the presence of 

psychiatric comorbidity and amygdala volume measures. A significantly increased volume of the 

ipsilateral lateral nucleus [t(22)=2.117, p=.046, d=1.307] was observed in TLE-MRIneg patients with 

psychiatric comorbidity with respect to those without psychiatric disorders. No relations were 

observed in the entire TLE population between the amygdala subnuclei’s volume and the presence of 

psychiatric comorbidity. 

 

2.4. Discussion 
To the best of our knowledge, this cross-sectional study is the first which utilizes automated 

neuroanatomical quantification to evaluate in vivo amygdala subnuclei volumetric differences in 

epilepsy patients. The main findings of the present study are (I) a significant atrophy of the whole 

amygdala, particularly the basolateral complex (BLA) in TLE-HS compared to HC and other epilepsy 

populations, and (II) a significant increased volume the medial nucleus (which is part of the central-

medial complex) but not the whole amygdala in TLE-MRIneg group compared to HC. In both 

scenarios the involved amygdala’s structure is ipsilateral to the epileptic focus. Additionally, we 

observed that the BLA and the medial nucleus of amygdala volumes can be differentiated TLE-HS 
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and TLE-MRIneg, respectively, versus HC, with a good performance. Overall, our findings, while 

confirming the involvement of the amygdala in TLE particularly in patients with mesial TLE with HS, 

expand previous knowledge as they suggest specific amygdala subnuclei as possible morphological 

biomarkers of TLE. Indeed, amygdala pathology is of great relevance in view of the importance of 

this region in the production of a full spectrum of experiential symptoms typical of temporal lobe 

seizures (Gloor et al., 1982), the sensitivity of the amygdala to kindling protocols in animal studies 

(Goddard, 1969), and its role in emotional/behavioral alteration in TLE (Bonora et al., 2011; Meletti 

et al., 2003; Monti & Meletti, 2015). 

The involvement of the amygdala in mesial temporal lobe epilepsy is well recognized especially 

in association with HS. Histological reports from TLE patients with HS demonstrated in a large 

proportion the presence of amygdaloid damage represented mainly by neuronal loss and gliosis most 

often ipsilateral to the HS (Hudson et al., 1993). Previous volumetric studies have largely documented 

an amygdala atrophy in TLE-HS patients on the same side of the sclerotic hippocampus (N. 

Bernasconi, 2003; Cendes et al., 1993; Graebenitz et al., 2011), leading to hypothesize the smallest 

amygdala as a characteristic report of TLE due to HS (Cendes et al., 1993). Our analyses support these 

observations as a substantial decrease in volume of all the amygdala structures was observed in the 

TLE-HS population (Fig. 2.3 and 2.4) compared to HC. Additionally, the present morphometric data 

show that the volumes’ reductions were ipsilateral to the epileptic focus for all the amygdala nuclei 

thus sustaining that the volumetric measurements of mesial temporal regions including the amygdala 

might be useful to the lateralization of the site of seizure onset in TLE (Cendes et al., 1993). In our 

population of TLE-HS patients, the amygdala’s volumes were significantly different not only from 

HC but even when compared with TLE-MRIneg patients and, for some nuclei belonging to the BLA 

(see Fig. 2.3 and 2.4), to Extra-TLE subjects. The directionality of this difference is always versus an 

atrophy in TLE-HS patients. In line with our results, an increase in amygdala’s volume has almost 

never been documented ipsilaterally to the TLE-HS (Mitsueda-Ono et al., 2011) while a recent study 

provided evidence of an amygdala enlargement contralateral to the HS in a proportion of patients with 

mesial TLE (Coan, Morita, Campos, et al., 2013). As far as the other subcortical structures, in line to 

what expected, hippocampal subfields were almost all atrophic ipsilaterally to the epileptic focus, thus 

supporting previous morphometric data in TLE-HS using the same methodological approach (Costa 

et al., 2019; Ono et al., 2021; Riederer et al., 2021). Atrophy was particularly pronounced in CA1-CA4 

and dentate gyrus regions as already reported (Costa et al., 2019; Sadler, 2006). In our TLE-HS 

population, CA4 and the dentate gyrus appeared reduced in volume even contralaterally to the HS 
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when compared to controls. Neuronal loss in CA1, CA3, CA4, and in the dentate gyrus has been 

reported to be typically bilateral in mesial temporal sclerosis, although the atrophy is greater on the 

side of the epileptic focus (Sadler, 2006). Beyond the hippocampus, we demonstrated a bilateral 

thalamic atrophy coupled with a bilateral lateral ventricle enlargement. These data are in line with a 

growing body of literature (Bonilha et al., 2004; de Campos et al., 2016; Keller et al., 2014; Whelan et 

al., 2018) indicating that TLE-HS is an example of network disease in which atrophy extends beyond 

the mesial temporal regions. Additionally, the thalamic nuclei’s segmentation demonstrated that the 

volumetric changes are mostly homolateral to the HS, in agreement with post-mortem anatomic-

pathology evidence (H.-J. Lee et al., 2020; Sinjab et al., 2013). Intriguingly, our analysis shown that in 

HS patients, the nuclei belonging to the so-called “limbic thalamus” were mainly involved (Vertes et 

al., 2015). Wrist the pulvinar is not formally part of the limbic network, its involvement has been 

reported in mesial TLE epilepsies by intracerebral electrophysiological recordings (Guye et al., 2006; 

Rosenberg et al., 2006, 2009), imaging studies (Barron et al., 2015), and the entity of its atrophy linked 

to the resistance to epilepsy surgery (Keller et al., 2014). Since hippocampus and thalamus in TLE 

patients present specific morphometric patterns that have been largely documented (H.-J. Lee et al., 

2020; K. M. Park et al., 2018; Riederer et al., 2021; Whelan et al., 2018; Wu et al., 2020), the results 

obtained by these additional analyses on hippocampus’ subfields and thalamus’ subnuclei reinforce 

the assumption that our TLE sample is representative of the general TLE population, and the 

amygdala subnuclei analyses are consequently reliable. 

TLE-MRI negative patients represent a clinical challenge especially within the presurgical 

work-up. An increased volume of amygdala (i.e., AE) was found in MRI negative TLE in several 

reports and interpreted as possible epileptogenic focus (Coan, Morita, de Campos, et al., 2013; Lv et 

al., 2014; Mitsueda-Ono et al., 2011). By contrast, in our analysis the whole amygdala’s volumes, while 

appearing greater in TLE-MRIneg and Extra-TLE with respect to controls, did not reach the statistical 

significance except for the medial nucleus of amygdala which resulted hypertrophic in both 

populations. It must be noted that the mean age at seizure’s onset in our population were lower 

compared to previous studies (Beh et al., 2016). This is not trivial, as it has been shown by others a 

relationship between AE and a later epilepsy onset (Beh et al., 2016; Bower, 2003).  In addition, AE 

in older age is more likely to be associated with a faster resolution of the amygdala enlargement at 

follow-up thus possibly reflecting inflammatory/encephalitis processes or seizures-induced changes 

(Na et al., 2020). The individual level analysis confirmed the hypertrophy of the medial nucleus in 25% 

of TLE-MRIneg and in 15% of Extra-TLE patients, while this nucleus was never atrophic in both 
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populations. These rates of amygdala volume changes, although limited to single 

subnuclei/complexes, are in line with previously reported percentage of AE in non-lesional TLE 

patients (Coan, Morita, Campos, et al., 2013; Coan, Morita, de Campos, et al., 2013; Reyes et al., 2017). 

Overall, the present analyses support and expand previous observations in patients with non-lesional 

focal epilepsy (Reyes et al., 2017), by confirming that the increased volume of amygdala represents an 

unspecific finding common across different epilepsy syndromes, probably not limited to MRI negative 

cases.   

 

2.4.1. Different amygdala subnuclei involvement in TLE 

Among the various nuclei of amygdala, the lateral and the BLA have been demonstrated to 

display the greatest histochemical (Yilmazer-Hanke et al., 2000) and pathological alterations 

(Aliashkevich et al., 2003) in patients with mesial TLE. The BLA is constituted of the lateral nucleus, 

the basal nucleus, the accessory basal nucleus, and the paralaminar nucleus, and it comprises 69% of 

the total amygdala volume in humans (LeDoux, 2007). This complex of the amygdala (i.e., BLA) 

receives strong sensory input from multiple cortical and thalamic sources (Aggleton et al., 1980; A. J. 

McDonald, 1998), which terminate primarily in the lateral nucleus, and has reciprocal interactions with 

the hippocampal formation (Benarroch, 2015), including the entorhinal cortex, perirhinal cortex and 

parahippocampal cortex. According to a recent study (Yang & Wang, 2017), the BLA and 

hippocampus generate a circuit of information, and the connection area of BLA with the hippocampus 

is typically the CA1 subregion which is one of the most vulnerable fields for gliosis and neuronal loss 

as observed in the HS (Dutra et al., 2015; Yang & Wang, 2017). Our results of a pronounced 

basolateral atrophy in TLE-HS ipsilateral to the epileptic focus support previous described 

electrophysiological and histochemical studies. The exact mechanism by which the amygdala activity 

can interplay with the atrophic hippocampus and contribute to seizures generation/maintenance is 

not completely clear, but evidence suggests an excitation-inhibition unbalance toward a disinhibited 

state (Kullmann, 2011; Yilmazer-Hanke et al., 2000) of the amygdala substructures. In the TLE-

MRIneg group the medial nucleus was increased in its volume, ipsilateral to the epileptic focus. This 

nucleus belongs to the central-medial complex (CMC) and represents the main output of the amygdala 

to the brainstem and hypothalamus (Benarroch, 2015). Human neuroimaging studies support a role 

of the CMC in motor behavior and response preparation and throughout its connections with the 

hypothalamus and brainstem mediates the visceral and autonomic reactions to fear (Petrulis, 2020). 

Additionally, recent resting state fMRI studies provided evidence about its involvement also in the 
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emotional processing, social behavior and executive control process mediated by direct connection 

with the ventromedial frontal cortex (Kerestes et al., 2017). Future studies must integrate 

neuropsychological data and amygdala morphometric analysis to better understand if the involvement 

of different amygdala nuclear complexes is related to specific cognitive-behavioral impairments in 

larger cohorts of patients (see Appendix A). As an interesting and speculative observation, the medial 

nucleus appeared hypertrophic even in Extra-TLE patients, although contralateral to the epilepsy 

focus. The observation of an amygdala involvement ipsilateral to the epileptic focus in TLE while 

contralateral to Extra-TLE deserve further investigations, on higher number of subjects, and 

correlations with epilepsy and behavioral patients’ phenotypes. 

 

2.4.2. Relationship between amygdala subnuclear volumes and clinical variables 

Correlation analyses did not disclose any significant relationship between the amygdala’s 

subnuclei volumes and the clinical variables including age of epilepsy onset, duration of epilepsy, drug 

response status in the last 12 months, and ASMs load in TLE-HS and TLE-MRIneg. Similar findings 

have been observed by others in a larger cohort of patients with AE (Coan, Morita, de Campos, et al., 

2013; Reyes et al., 2017). A remarkable result of this study was the correlation between the increased 

volume of the ipsilateral lateral nucleus (which is part of the BLA), in those patients with TLE-MRIneg 

and MADD symptoms. Despite the caution due to the small number of patients, this finding is of 

interest being consistent with previous volumetric studies in TLE patients with psychosis and 

dysthymia symptoms (Tebartz van Elst et al., 1999; Tebartz Van Elst et al., 2002). Patients with 

psychosis and epilepsy showed indeed an amygdala enlargement compared to TLE without psychiatric 

symptoms (Tebartz Van Elst et al., 2002). The basolateral amygdala integrates inputs from sensory 

and other limbic structures and has been theorized to function as “gatekeeper” by assessing incoming 

sensory information and assigning emotional saliency to appropriate stimuli. In addition, alteration of 

the BLA might affect downstream pathways involved in social cognition and decision-making 

processes throughout its communication with the prefrontal and orbitofrontal cortex (Sinha et al., 

2015). Morphometric alterations of BLA have been documented in vivo in different psychiatric 

conditions (Aghamohammadi-Sereshki et al., 2021; Asami et al., 2018; Cui et al., 2020; L. Zhang et al., 

2020). Particularly, in patients with psychosis, the basolateral amygdala, and particularly the lateral 

nucleus, resulted affected, confirming the role of this structure in schizophrenia patients, and 

highlighting an alteration of its volume as a biomarker even in unaffected but high-risk subjects (Armio 

et al., 2020). An interesting experiment in animals’ models documented that BLA is selectively affected 
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by chronic stress and present microstructural alterations including dendritic hypertrophy and spine 

enlargement; these changes in turn correlated to the anxiety-like behaviors of the animals (Zhang et 

al., 2019). Recently, an enlargement of the BLA was positively correlated with social and 

communication impairments in adolescents with autism (Seguin et al., n.d.) and the deep brain 

stimulation of the BLA has been proposed as a possible treatment for social anxiety (Sinha et al., 

2015).  

 

2.4.3. Study Limitations 

We are aware that this study has limitations. Firstly, we recognize the limited sample of patients 

studied in the TLE and Extra-TLE subgroups. However, this limitation is justified by the strict 

inclusion criteria adopted. We explored indeed the amygdala subnuclei volumes being careful to 

exclude patients with any sign of amygdala abnormalities on structural MRI, both in terms of altered 

volume and/or signal. MRI scans, including the oldest ones, were acquired using dedicated epilepsy 

protocols and inspected by expert neuroradiologists. Compatibly with the limitation of visual 

inspection, we are thus confident to have collected real “negative MRI” TLE cases. Secondly, the 

amygdala subnuclei segmentation adopted here has not previously been used in the epilepsy contest 

which raises concerns about the reliability of the approach adopted. Segmentation of amygdala nuclei 

is challenging due to small regional volumes and limited availability of a clear ground truth. The 

amygdala atlas was developed by manually segmenting amygdala in post-mortem samples using high 

resolution 7T MRI. Since its introduction (Saygin et al., 2017), the algorithm has been validated in 

different contests including psychiatric disorders (Armio et al., 2020; Asami et al., 2018; Cui et al., 

2020) and premature born adults (Schmitz-Koep et al., 2021). Recently, Buser and colleagues (Buser 

et al., 2020) explored specifically the spatial and numerical reliability for the segmentation of amygdala 

and hippocampal nuclei in FreeSurfer. The numerical reliability was mostly high within all the 

amygdala subnuclei except for a few regions including the anterior amygdaloid area and the 

paralaminar nucleus, which demonstrated only moderate spatial reliability. Thirdly, medication could 

influence the amygdala and subnuclei volumes of TLE and Extra-TLE patients. In this study, all the 

patients were taking at least one ASM and mostly more than one, so we could not rule out drug effects 

on the results. However, correlation analysis did not disclose any relationship between the amygdala 

subnuclear volumes and the ASM drug-load. Fourth, this study is a cross-sectional study. Future 

studies would benefit from longitudinal monitoring to determine whether the amygdala and subnuclei 

volumes change during the individual’s clinical progression. Different studies indeed reported a 
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decreased volume of enlarged amygdala at follow-up visits in parallel with achieving seizures’ freedom, 

suggesting that at least in some patients, amygdala hypertrophy can be linked to seizures’ recurrence 

(Na et al., 2020; Peedicail et al., 2020).  
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3.1. Introduction 
Ictal central apnea (ICA) is a frequent clinical correlate of focal seizures, being observed in 40-

43% of patients with focal epilepsy admitted to Epilepsy Monitoring Units (EMU) (Lacuey et al., 2018; 

Vilella et al., 2019). ICA is regarded as a potential electroclinical biomarker of sudden unexpected 

death in epilepsy (SUDEP), since ictal respiratory disruption has been demonstrated to be a relevant 

mechanism leading to a fatal outcome (Ryvlin et al., 2013; Vilella et al., 2019). Recent evidence 

supports ICA as a distinctive ictal semiological feature of TLE, in particular as a hint of the limbic 

network involvement (Lacuey et al., 2018; Micalizzi et al., 2021, 2022; Vilella et al., 2019). Data 

suggesting a functional connection between the amygdala and the neural respiratory networks in the 

brainstem derive from experimental studies conducted on animals (Bailey & Sweet, 1940; Hoffman & 

Rasmussen, 1953; Kaada et al., 1949; W. K. Smith, 1945). In humans, evidence of the relevance of the 

limbic network in the respiratory network can be found in electroclinical and invasive 

neurophysiological studies carried out for surgical purposes (Kaada et al., 1949; Penfield & Jasper, 

1954). More recently, researchers' attention has focused on the role of the amygdala in generating the 

seizure-related central apneic response (Dlouhy et al., 2015; Lacuey et al., 2019; Nelson & Ray, 1968; 

Nobis et al., 2020). As demonstrated by studies that utilized stereo-EEG combined with video-EEG 

and cardiorespiratory polygraphy, both the primary and secondary involvement of the amygdala, 

especially of the basolateral complex (Dlouhy et al., 2015)(Dlouhy et al., 2015), throughout the 
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epileptic discharge, were strongly associated with ICA (Dlouhy et al., 2015; Lacuey et al., 2019; Nobis 

et al., 2020). Although ictal respiratory modifications are considered to be associated with a higher risk 

of SUDEP, data regarding morphometric modifications of subcortical structures in relation to ICA 

occurrence are scarce. Herein, we aim to investigate subtle morphometric changes of subcortical 

structures in ICA patients, specifically of the amygdala, thalamic and brainstem subnuclei, and to find 

valuable neuroimaging biomarkers of ICA in patients with focal epilepsy. 

 

3.2. Methods and Materials 

3.2.1. Study population 

Patients were prospectively recruited among patients with epilepsy admitted to the Epilepsy 

Monitoring Unit (EMU) at the Ospedale Civile of Baggiovara, Modena Academic Hospital (Modena, 

Italy) from April 2020 to September 2022. Each patient underwent a Video-EEG Long-Term 

Monitoring (VLTM) with a 10-20 EEG system (Nihon Kohden Neurofax EEG-1200, Mod JE-120) 

integrated with a standard precordial single-channel electrocardiogram (EKG), pulse-oximetry for 

SpO2 measurement, and thoracoabdominal belt for respiratory inductance plethysmography. Patients 

were included according to the following criteria: (I) age over 14 at the time of hospitalization; (II) 

having a diagnosis of focal epilepsy; (III) having at least one focal seizure recorded during VLTM with 

cardiorespiratory polygraphy (EKG, pulse-oximetry and thoracoabdominal respiratory inductance 

plethysmography); (IV) having performed a high-resolution 3D T1-weighted brain MRI scan. Patients 

were excluded if (I) they had a large brain lesion involving the subcortical structures and/or underwent 

neurosurgical procedures; (II) poor quality of MRI scans. According to published criteria, apnea was 

considered as a respiratory arrest of five or more seconds visible on the pneumographic channel, 

preceded and followed by stable breathing for at least five seconds, and confirmed by visual inspection 

of the recorded video (Kanth et al., 2020; Lacuey et al., 2018; Micalizzi et al., 2021, 2022; Vilella et al., 

2019). Post-ictal apnea was defined as a respiratory arrest starting within five seconds after ictal 

discharge termination. For each patient, the following electroclinical data were collected: age at the 

time of admission, sex, age at 3D T1-weighted brain MRI, age of epilepsy onset, disease duration, the 

hemisphere of the epileptogenic zone (EZ), family history of epilepsy, febrile seizures in past medical 

history, number of antiseizure medications (ASMs) at the time of brain MRI, ASMs response 

according to ILAE definition of drug-resistance (Kwan et al., 2010). As regards the ICA patients, 

further electroclinical information was collected: apnea duration, hypoxemia duration and nadir. 
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Patients meeting the inclusion criteria were subdivided into two groups: ICA and noICA patients in 

relation to ICA occurrence during the VLTM. A further analysis was performed considering only the 

patients with TLE subdivided in ICA-TLE and noICA-TLE. A pool of 30 healthy controls matched 

by age and sex was collected. 

 

3.2.2. Magnetic resonance imaging (MRI) acquisition 

All the included patients and controls underwent a 3T brain MRI for clinical purposes, 

adopting an epilepsy-dedicated standardized protocol which included a 3D T1-weighted volumetric 

image (Bernasconi et al., 2019). MRIs were performed on a 3T scanner (3.0 Tesla GE Healthcare, 

Chicago, United States of America). Each patient was interviewed before the MRI scan to check for 

seizures occurring in the 48 hours before the exam and no patient reported seizures in this time 

window. Healthy controls underwent a structural MRI scan on the same scanner and with the identical 

protocol of patients. Quality check (QC) on images was twofold: (I) a qualitative QC taking into 

account the main common artifacts, including motion, ringing, and susceptibility. This visual-

performed quality check ended with the judgment of “pass” for images with good quality or “fail” 

otherwise, following previous published workflow (Backhausen et al., 2016); (II) a quality assurance 

process (outlier detection based on interquartile of 1.5 standard deviations along with visual inspection 

of segmentations), was performed adopting a standardized ENIGMA (http://enigma.usc.edu), 

protocols as implemented in previous large-scale case-control studies of epilepsy (Larivière et al., 2020; 

B. Park et al., 2022; Whelan et al., 2018).  

 

3.2.3. MRI post-processing 

3.2.3.1. Voxel-based morphometry 

For the voxel-based morphometry (VBM) analysis, 3D T1-weighted images were utilized. Pre-

processing and statistical analysis were performed using the computational anatomy toolbox (CAT12) 

and SPM12 (Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm) on Matlab 2020b 

(MathWorks, USA). First, the original NIfTI files were flipped to account for the side of the epileptic 

focus using SPM12 The X-axis was turned negative for all the right-sided patients in order to have the 

epileptic hemisphere on the left side for all the patients enrolled. Next, the scans were normalized 

according to the Montreal Neurological Institute (MNI) template using the high-dimensional 

DARTEL algorithm and modulated by multiplying the Jacobian determinant for each voxel in SPM12. 
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Images were segmented into GM, WM, and cerebrospinal fluid (CSF) in CAT12, and finally, the 

derived GM images were smoothed using 8-mm full-width-half-maximum Gaussian smoothing in 

SPM12. To search for subcortical volume differences across groups, two-sample t-tests (p<0.001, 

minimum threshold cluster of 30 voxels) were performed in SPM12 between ICA vs. noICA, ICA vs. 

controls, and noICA vs. controls. The same statistical analyses were carried out for the TLE subgroups 

(i.e., ICA-TLE, noICA-TLE, and controls).  

 

3.2.3.2. Surface-based morphometry 

The 3D T1-weighted images were analyzed using a standardized image toolbox (FreeSurfer, 

v7.1, https://surfer.nmr.mgh.harvard.edu).  Furthermore, the amygdala, hippocampus, thalamus, and 

brainstem were parcellated using FreeSurfer dev version 

(ftp://surfer.nmr.mgh.harvard.edu/pub/dist/freesurfer/dev) according to their respective pipelines 

(Saygin et al., 2017; Iglesias, Augustinack, et al., 2015; Iglesias et al., 2018; Iglesias, Van Leemput, et 

al., 2015). Specifically, for the amygdala, the extracted nuclei were the anterior amygdaloid area (AAA), 

cortico-amygdaloid transition area (CAT), and the basal (Ba), lateral (La), accessory basal (AB), central 

(Ce), cortical (Co), medial (Me), and paralaminar (PL) nuclei (Fig. 3.1A). These nuclei were also 

clustered in three major complexes adopting the pipeline already published by our group (Ballerini et 

al., 2022): (I) the basolateral amygdala (BLA), who included the basal, lateral, accessory-basal, and 

paralaminar nuclei; (II) the central-medial complex (CMC), composed by the central and the medial 

nuclei; (III) the cortical complex (CO), who included just the cortical nucleus. The AAA and the CAT 

were considered “other nuclei”. For the hippocampus, the following subfields were obtained: CA1, 

CA3, CA4, subiculum, presubiculum, parasubiculum, the molecular and granule cell layers of the 

dentate gyrus (GCMLDG), the molecular layer, hippocampal tail, and the hippocampal amygdala 

transition area (HATA) (Fig. 3.1B). For the purpose of the present work, we considered the volumes 

of the hippocampal body, head, and tail, as well as the whole hippocampal volume. For the thalamic 

segmentation, the volume of 25 individual thalamic nuclei was calculated for each side. The nuclei 

were clustered into 6 groups according to Iglesias et al. (2018) as follow: (I) the anteroventral nuclei 

in the anterior group; (II) the laterodorsal and lateral posterior nuclei in the lateral group; (III) the 

ventral anterior, ventral anterior magnocellular, ventral lateral anterior, ventral lateral posterior, 

ventromedial, and ventral posterolateral nuclei in the ventral group; (IV) the central medial, central 

lateral, paracentral, centromedian, and parafascicular nuclei in the intralaminar group; (V) the 

paratenial, medial ventral, mediodorsal medial magnocellular, and mediodorsal lateral parvocellular 
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nuclei in the medial group; (VI) and the lateral geniculate, medial geniculate, suprageniculate, pulvinar 

anterior, pulvinar inferior, pulvinar lateral, and pulvinar medial nuclei in the posterior group (Fig. 

3.1C). Finally, the brainstem was segmented into four regions: medulla, pons, midbrain, and superior 

cerebellar peduncle (Fig. 3.1D). 

 

 
Figure 3.1. Parcellation of A. amygdala subnuclei, B. hippocampal subfield, C. thalamus nuclei, F. brainstem subregions 
based on relatives pipelines (Saygin et al., 2017; Iglesias, Augustinack, et al., 2015; Iglesias et al., 2018; Iglesias, Van Leemput, et al., 
2015). 
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3.2.4. Surface-based statistical analyses 

After testing for the normality distribution of the data with Shapiro-Wilks test, one-way 

ANOVAs and Chi-squared tests were used to assess differences in demographic and clinical variables 

among groups and between the patients’ groups, and the control group. All subcortical volumes, their 

sub-parcellations, and the clustered complexes and groups were converted in z-scored based on the 

mean and the standard deviation (SD) of the control population. To account for the side of the EZ, 

all the subcortical measurements of right-sided patients were flipped to have all the morphometric 

data of the EZ on the left side. Thus, all morphometric values and results were reported as ipsilateral 

and contralateral with respect to the EF. Moreover, to assess for biological brain asymmetry, a pair 

sample t-test was performed for each subcortical volume in the control group. First, the group 

differences have been tested for all the morphometric subcortical values using two multivariate 

analyses of covariance (MANCOVAs): the first tested the volume differences across all ICA, noICA, 

and control groups; the second explored the differences only in the TLE sub-population (i.e., ICA-

TLE, noICA-TLE, control). For each MANCOVA age, gender, and estimated total intracranial 

volume (eTIV) were included as covariates (Whelan et al., 2018). Finally, partial correlation analyses 

were performed between the regions of interest (ROIs) resulting significantly in the MANCOVAs and 

the clinical variables only in the ICA groups (i.e., all ICA and ICA-TLE). The following ICA-related 

variables were considered: apnea duration (in sec), desaturation’s duration and nadir of desaturation 

(when present), whether there were group differences in drug-respondent and drug-resistant patients. 

The analyses were performed using SPSS software 28 (IBM, Chicago, IL), and statistical significance 

for all tests was set at p<.05. Significant p-values were considered when surviving a 5% FDR 

correction (Benjamini & Hochberg, 1995). 

 

3.3. Results 
In the study period, 46 patients met the inclusion criteria: 16 ICA and 30 noICA (Table 3.1). 

Among the ICA group, 12 patients were affected by TLE, 3 by frontal lobe epilepsy (FLE) and one 

by insular epilepsy (ILE). Fifteen participants out of the 30 noICA patients had a diagnosis of TLE, 

while the other 15 of FLE. A pool of 30 healthy controls, matched by age and sex, was collected. 

Statistical analyses did not highlight differences between patient groups and controls in age, sex, 

distribution, eTIV, age of onset, epilepsy duration, ASMs, and drug responsiveness (Table 3.1). 
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Table 3.1. Clinical and demographic differences between patients (ICA and noICA) and healthy controls. 
 ICA (N=16) noICA (N=30) Control (N=30) Stat. p 
TLE (y/n) 12/4 15/15    

Age 
35.06(±12.234)# 
36.17(±13.037)* 

37.20(±14.944)# 
39.47(±12.755)* 32.20(±12.234) 

1.041F# 

1.737F* 
.358# 
.186* 

Gender (F/M) 
7/9# 
5/7* 

13/17# 
7/8* 15/15 

.312X# 
.243X* 

.856# 
.886* 

eTIV 
1.55E+06(±1.38E+05)# 
1.54E+06(±1.58E+05)* 

1.58E+06(±1.80E+05)# 

1.54E+06(±1.54E+05)* 1.56E+06(±1.41E+05) 
.186F# 
.149F* 

.831# 
.862* 

Age of onset 
21.87(±14.678)# 

24(±13.678)* 
22.53(±13.198)# 
27.07(±13.477)* - 

.024F# 
.341F* 

.878# 
.565* 

Epilepsy duration 
13.36(±15.028)# 
12.37(±15.796)* 

14.72(±14.660)# 
12.47(±13.376)* - 

.089F# 
.000F* 

.767# 
.987* 

ASM 
2.50(±1.506)# 
2.42(±1.240)* 

2.30(±1.317)# 
1.60(±0.986)* - 

.218F# 
3.643F* 

.643# 
.068* 

Drug-respondent (y/n) 
15/11# 

4/8* 
10/20# 

8/7* - 
.021X# 
1.080X* 

.886# 
.299* 

Data are presented in mean(±standard deviations). TLE=temporal lobe epilepsy, #=indicate the descriptive analyses and 
statistics regarding the entire population, *=indicate the descriptive analysis and statistics regarding the TLE subgroup 
only, eTIV=estimated intracranial volume, ASM=antiseizure medication, F=ANOVA, X=Chi-squared. 
 

3.3.1. Electroclinical data 

The detailed electroclinical data of the ICA patients are reported in Table 3.2. The etiology 

was either structural (11/16 patients) with a predominance of focal cortical dysplasias (FCDs), or 

unknown (5/16). Among the ICA patients, we recorded 87 seizures, 42 of which (48.3%) with seizure-

related central apnea. Ten patients had hypoxemia as a consequence of ictal apnea, with an oxygen 

nadir ranging from 89 to 71%. No patient was aware of apnea occurrence. Figure 3.2 displays the 

ictal EEG of one representative ICA patient. Regarding noICA cohort, 18 patients had structural 

etiology (mainly FCD) while in eight, it was not possible to find the underlying cause of epilepsy; two 

patients had an autoimmune cause and two a genetic etiology. The majority of patients (11/16 in the 

ICA group and 20/30 among the noICA) had drug-resistant epilepsy (Kwan et al., 2010). Four ICA 

patients underwent epilepsy surgery, but only for one patient (pt#9) the pathology of the amygdala 

was available and reported as gliosis.  
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Table 3.2. Electroclinical data in the ICA population 
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Age and epilepsy duration are expressed in years. M=Male; F=female; L=Left; R=Right; B=Bilateral; TLE=Temporal 
Lobe Epilepsy; FLE=Frontal Lobe Epilepsy; ILE=Insular Lobe Epilepsy; P=Parietal; FCD=Focal Cortical Dysplasia; 
HS=Hippocampal Sclerosis; LEAT=Long term Epilepsy Associated Tumors; MCD=Malformation of Cortical 
Development; DR=Drug Resistance; ASM=Antiseizures Medications; W=Wakefulness. Apnea duration is expressed in 
seconds, if more than one apnea is recorded, the average length is displayed (± SD). Oxygen desaturation is expressed in 
%. (*)=histological report described an amygdala gliosis beyond the FCD in the temporal pole; (**)=the detail histology 
reports a glioneural lesion IDH1R132 wild type. #=Follow-up have been reported at 12 months from surgery according 
to Engel 1993 (Engel, 1993). 
 

 
Figure 3.2. A 2-minute view of a left temporal seizure occurring during N2 sleep in a representative ICA patient (pt#9). 
ICA onset is indicated by the red arrow and precedes the appearance of the electrographic discharge over the left fronto-
temporal regions. No hypoxemia was recorded during this seizure. Red channel: EKG; light blue channel: pulse-oxymetry; 
blue channel: thoracoabdominal respirogram. 

 

3.3.2. Voxel-based morphometry results 

The VBM whole-brain analysis showed an increased grey matter volume of the amygdala 

ipsilateral to the EZ in the ICA group with respect to noICA patients (MNI coordinates: X -19.50, Y 

-9, Z -13.50, T maximum = 3.24; number of contiguous voxels: K 181, p < 0.190). Moreover, the 

sub-analysis in the TLE group demonstrated a greater grey matter volume of the ipsilateral amygdala 

in the ICA-TLE patients compared with both noICA-TLE group (MNI coordinates: X -21, Y -3, Z -

18; T maximum = 4.21; number of contiguous voxels: K 901, p < 0.006) and controls (MNI 

coordinates: X -19.5, Y 3, Z -27; T maximum = 4.01; number of contiguous voxels: K 138 p < 0.234) 

(Fig. 3.3). 
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Figure 3.3. Voxel-based morphometry (VBM) results. Panel A: VBM analysis looking for grey matter volume increase in 
ICA compared to noICA patients. Panel B: VBM analysis exploring grey matter volume increases in ICA-TLE compared 
to noICA-TLE patients (upper images) and ICA-TLE compared to HC (lower images). For each Panel, left images show 
significant amygdala enlargement on the left side. Results are displayed on the coronal Montreal Neurological Institute 
(MNI) template image (MNI152-T1-2 mm). Color bar reflects T scores. Right images of each panel display the overlap of 
the VBM results and the amygdala subnuclei segmentation as provided by Saygin et al. (2017) 22. R=right; L=Left. 

 

3.3.3. Surface-based morphometry results 

The statistical analyses of subcortical volumes revealed significant volumetric differences only 

for the amygdala ipsilateral to the EZ, and its nuclei and complexes. The whole amygdala ipsilateral 

to the EZ was found to have a greater volume in ICA versus HC and ICA versus noICA, specifically 

the BLA (Table 3.3 and Figure 3.4A). The sub-analysis of single amygdalar nuclei showed an increase 

in the volume of the lateral nucleus in the comparison ICA versus HC (Table 3.3). The other amygdala 

nuclei did not show any differences in volume in ICA versus other populations and similarly, no 

significant differences were noted in the comparison between noICA and controls for any amygdala 

nuclei.  When focusing on TLE patients, the ipsilateral whole amygdala volume was greater for the 

ICA-TLE group compared to controls, with the BLA appearing to be greater in volume (Table 3.3 

and Figure 3.4B, left panel). Moreover, the ICA-TLE patients compared to the noICA group, showed 

a larger ipsilateral BLA complex (Table 3.3 and Figure 3.4B, right panel). Notably, no differences 
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were found when comparing noICA-TLE patients versus healthy controls. No other statistically 

relevant modifications were observed for the other subcortical structures including hippocampal, 

thalamic and brainstem subfields. Statistical correlation between ICA-related variables and amygdala 

volumes did not show any significant association.  

 
Table 3.3. Significant structural morphometric comparison of ipsilateral amygdala complexes and subnuclei among 
patients’ groups and controls. 

Data are presented in mean(±standard deviations). Amy=amygdala, BLA=Basolateral Complex, #=indicates the 
descriptive analyses and statistics regarding the entire population, *=indicates the descriptive analysis and statistics 
regarding the TLE subgroup only, °=P-value of pairwise comparisons between groups using FDR (False Discovery Rate) 
correction. 

Structure ICA noICA Control F p Pairwise 
comparisons° 

Whole 
amy 

1987.231(±214.919)# 
2016.651(±231.994)* 

1863.597(±292.128)# 
1846.685(±338.526)* 

1800.712(±183.124)# 
1800.712(±183.124)* 

5.383# 
5.658* 

.007# 
.006* 

ICA > HC:  
p=.043# 

ICA > noICA:  
p=.038# 

ICA-TLE > HC:  
p=.022* 

BLA 1611.857(±178,427)# 
1640.033(±192.793)* 

1511.947(±232.534)# 
1497.260(±267.605)* 

1452.557(±152.766)# 
1452.557(±152.766)* 

5.121# 
6.742* 

.008# 
.003* 

ICA > HC: 
p=.026# 

ICA > noICA: 
p=.034# 

ICA-TLE > HC: 
p=.005* 

ICA-TLE > noICA-TLE: 
p=.035* 

Lateral  743.436(±91.861)# 
760.645(±99.570)* 

695.239(±98.912)# 
688.131(±109.486)* 

668.163(±76.014)# 
668.163(±76.014)* 

6.160# 
8.045* 

.003# 
.001* 

ICA > HC: 
p=.037# 

ICA-TLE > HC: 
p=.006* 

Basal 516.310(±60.513)* 470.823(±92.370)* 
 

457.621(±49.988)* 
 

5.446* .007* ICA-TLE > HC: 
p=.017* 
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Figure 3.4. Amygdalar subnuclei comparisons between ICA, noICA, and HC in the whole population and in TLE 
subgroups. The comparisons between ICA and the other groups (i.e., HC and noICA) are represented using η2 effect size 
value. Red colors indicate an increase in volumes of amygdala substructures, blue colors indicate a decrease. Only the 
amygdala ipsilateral to the epileptic focus is presented. Panel A shows the comparison between all ICA versus HC (left 
image) and noICA (right image). Panel B shows the comparison between the subgroups of ICA-TLE compared to HC 
(left image), and noICA-TLE (right image). La: lateral nucleus, Ba: basal nucleus, AB: accessory basal nucleus, PL: 
paralaminar nucleus, Ce: central nucleus, Me: medial nucleus, Co: cortical nucleus, AAA: anterior amygdaloid area, CAT: 
corticoamygdaloid transition area. See text for details. 
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3.4. Discussion 
This study provides evidence that subtle structural volume changes can be found in patients 

presenting with focal seizures and ICA by means of advanced neuroimaging techniques. ICA is a quite 

frequent ictal phenomenon, especially, but not exclusively (Micalizzi et al., 2022), among patients with 

focal epilepsy. Indeed, the incidence of ictal autonomic manifestations and ictal respiratory changes is 

considered to be higher in temporal lobe seizures (Lacuey et al., 2018; Micalizzi et al., 2022; Tio et al., 

2020).  This study offers a specific insight on the physiopathological mechanisms of ictal central apnea, 

which is also regarded as a possible risk factor for SUDEP (Schuele et al., 2011; Vilella et al., 2019). 

 

3.4.1. ICA and the basolateral complex 

Previous invasive neurophysiological studies (Dlouhy et al., 2015; Lacuey et al., 2019; Nobis 

et al., 2020) reported that the direct electrical stimulation of the amygdala was sufficient to induce a 

transient respiratory arrest, both in relation to ictal activity and as a physiological response. Within the 

amygdala, the implicated nuclei seem to be the basal, lateral, and central. Specifically, one study 

(Dlouhy et al., 2015) identified the lateral and basal nuclei to be the most implicated in generating the 

apneic response, while other authors (Nobis et al., 2018) pointed out that only the direct stimulation 

of the central nucleus could lead to central apnea. Later, Lacuey et al., (2019) found that low- and 

high-frequency stimulation of basal and central nuclei induced apnea, while only high-frequency 

stimulation of the lateral nucleus was needed to obtain the apneic phenomenon. According to this 

evidence, our advanced neuroimaging findings showed that the whole amygdala ipsilateral to the EZ 

is increased in volume in patients with ICA, with the BLA being the most involved when considering 

the amygdala subnuclei. This volumetric increase confirms and expand previous suggestions regarding 

the involvement of the amygdala and specifically of the BLA in the epileptic network of patients with 

ictal central apnea. In the ICA group, the BLA was significantly greater in volume in comparison to 

both noICA patients and healthy controls. This observation could lead to the hypothesis that the BLA 

enlargement on advanced neuroimaging might be a biomarker for ICA occurrence in patients with 

focal epilepsy. This finding was supported by even stronger statistical significance when considering 

only the TLE patients. Thus, the ictal central apneic phenomenon may be reasonably a distinctive 

hallmark of temporal lobe epilepsy rather than extra-temporal seizures, as already reported (Lacuey et 

al., 2018; Micalizzi et al., 2022; Tio et al., 2020). Nevertheless, we already showed that even an ictal 

discharge that originates from extra-temporal cortical areas may secondarily involve the temporal 

regions causing the ictal respiratory arrest (Micalizzi et al., 2022; see Appendix B). Of note, 



 
Chapter 3 

 51 

considering the presence of hippocampal sclerosis, only one ICA-TLE patient presented with this 

radiological finding, while this was evident in 5 noICA-TLE patients. As already reported in the 

literature, it was demonstrated that HS was significantly associated with volumetric reduction of the 

ipsilateral amygdala and, in particular, of the BLA (Ballerini et al., 2022). It could be argued that 

amygdalar atrophy could partially explain the volumetric differences between these two groups. 

However, the comparison against the healthy control group corroborates our main hypothesis that 

the volumetric changes may be more likely related to the apnea occurrence. We could also speculate 

that HS could be somehow protective against ictal respiratory arrest, but further evidence is warranted. 

As for the anatomo-physiological aspects, the BLA is constituted of the lateral nucleus, the basal 

nucleus, the accessory basal nucleus, and the paralaminar nucleus and comprises the majority of the 

total amygdala volume in humans (LeDoux, 2007). This complex of the amygdala receives strong 

sensory input from multiple cortical and thalamic sources which terminate primarily in the lateral 

nucleus, and has reciprocal interactions with the hippocampal formation, including the entorhinal 

cortex, perirhinal cortex, and parahippocampal cortex (Aggleton et al., 1980; Benarroch, 2015). The 

BLA is composed of neurons that resemble the pyramidal neurons of the cortex, leading to the 

hypothesis that for some TLE cases the primary epileptogenic focus in mesial TLE might be the 

amygdala itself and, specifically, the BLA (Benarroch, 2015; Lacuey et al., 2019). While the lateral 

nucleus does not directly project to the brainstem, it might influence the apneic response through 

intrinsic connections to amygdala nuclei or through hippocampal and thalamic projections. 

 

3.4.2. The amygdala increased volume and SUDEP risk 

Previous studies investigated the cortical and subcortical morphometric modifications in 

SUDEP patients and in patients with epilepsy considered to be at higher risk for SUDEP (L. A. Allen, 

Harper, et al., 2019; L. A. Allen, Vos, et al., 2019; Wandschneider et al., 2015). Different morphometric 

alterations were found in terms of cortical thickness and volume of brain structures, in the direction 

of tissue gain as well as atrophy. Specifically, in a previous study, the right amygdala appeared to have 

an increased volume in cases of SUDEP and those at high risk compared with low-risk and healthy 

controls (Wandschneider et al., 2015). Other authors observed a volumetric increase of the amygdala 

bilaterally in SUDEP patients versus healthy controls and of the right amygdala in high-risk patients 

compared to controls (L. A. Allen, Vos, et al., 2019). It is well known that peri-ictal respiratory 

impairment represents a risk factor for SUDEP. Our data provide an “imaging” link between ICA 

and SUDEP and confirm the key role of the amygdala in the pathophysiology of both phenomena. 
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The hypertrophy of the amygdala might be due to structural rearrangements, possibly secondary to 

the long-standing epileptic activity (Minami et al., 2015). As a consequence, the tissue gain of the 

amygdala might correspond to a gain of function, therefore leading to more chances that ictal 

apnea/SUDEP to occur.  

 

3.4.3. Study limitations 

Despite our novel findings, this study presents some limitations. Firstly, the number of 

participants is limited which could be due to the relatively short study-period and to strict inclusion 

criteria for patient recruitment. In particular, the number of extra-TLE patients with ICA is limited, 

thus preventing us from performing a thorough electro-clinical and imaging characterization of this 

population. In this scenario, our findings of a greater amygdala volumes in ICA-TLE patients need to 

be verified by further studies including a higher number of extra-TLE patients. Secondly, the absence 

of correlation with clinical variables needs to be interpreted with caution given the small study 

population. Of note, however, this finding could be of interest to better understand the 

pathophysiology of apnea phenomena.  The amygdala volume increases can represent indeed a 

biomarker per se independently of any other clinical factor and, in particular, of apnea severity. Overall, 

our data support the need of larger multi-center studies to overcome these limitations and provide 

further evidence supporting these novel results. 

 

3.5. Conclusion 
ICA is a frequent clinical correlate of focal seizures, particularly involving the temporal lobe 

and limbic network. According to the literature, the amygdala appears to play a key role in giving rise 

to the apneic response. Our findings on neuroimaging data support what has already been 

demonstrated about the involvement of the basolateral complex ipsilateral to the EZ, also suggesting 

that the volume increase of this specific amygdalae subregion could be a distinctive hallmark of ICA 

in patients with epilepsy. The identification of valuable biomarkers of ictal autonomic manifestations 

is needed for a more accurate stratification of the SUDEP risk. 
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4.1. Introduction 
Temporal Lobe Epilepsy (TLE) is often a debilitating disorder, affecting both gray matter 

(GM) and white matter (WM) networks throughout the brain (Hatton et al., 2020; Whelan et al., 2018). 

These pathological changes can be progressive and are intricately linked to clinical outcomes and 

cognitive comorbidities (Kaestner et al., 2019; Reyes et al., 2020; Stasenko et al., 2022). Thus, it is 

important to understand the origins and the disease mechanisms that contribute to GM and WM 

pathology in TLE.  

TLE can begin at any point in life and lead to abnormalities in brain structure and function. 

However, the brain is particularly vulnerable to the effects of epilepsy during childhood (Beghi, 2020). 

As a result, age of seizure onset has important implications for understanding patterns of GM and 

WM pathology and how they relate to one another. In particular, recurrent seizures early in life, during 

a period of heightened plasticity and brain development, may disrupt WM myelination and/or 

interfere with synaptic pruning in neocortex leading to structural abnormalities in the WM and GM, 

respectively (Bencurova et al., 2022; Blümcke et al., 2013; B. Hermann et al., 2002). These changes 

may occur globally, or they may be more pronounced proximal to the seizure focus. Conversely, when 

seizures begin in adulthood, they may lead to different patterns of GM and WM vulnerability because 

of decreases in brain plasticity in the fully developed brain (Doucet et al., 2015).  

Despite accumulating evidence for the presence of broad cortical thinning (Larivière et al., 

2020; C. R. McDonald, Hagler, et al., 2008), subcortical volume loss (Whelan et al., 2018), and WM 

compromise in TLE (Hatton et al., 2020; Stasenko et al., 2022), studies investigating how GM and 
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WM pathologies are related to one another are limited (Chang et al., 2019; Liu et al., 2016; Winston et 

al., 2020). Neocortical GM appears to follow a widespread multi-lobar and bilateral pattern of atrophy 

in TLE (Galovic et al., 2019; Larivière et al., 2020; C. R. McDonald, Hagler, et al., 2008). Conversely, 

there is some evidence that limbic WM damage is more pronounced in the ipsilateral hemisphere and 

is greatest close to the seizure focus (Hatton et al., 2020; Urquia-Osorio et al., 2022). However, because 

GM and WM developmental trajectories differ markedly early in life (Bethlehem et al., 2022), 

associations between the two may differ as a function of when seizures begin. Indeed, WM pathology 

has been shown to be more pronounced in those with an early seizure onset (Nagy et al., 2016), and 

there is evidence that injury to the WM sub-adjacent to the neocortex (i.e., the superficial white matter; 

SWM) is related to hippocampal sclerosis (HS) (Liu et al., 2016) — another feature associated with 

early seizure onset in TLE. However, the presence of HS has also been associated with broad patterns 

of cortical thinning, suggesting a relationship between hippocampal and cortical damage in TLE 

(Bonilha et al., 2010; Mueller et al., 2009). To date, studies that have investigated the spatial patterns 

of atrophy in cortical thickness and SWM (Chang et al., 2019; Liu et al., 2016; Winston et al., 2020) 

hint that different biological processes are likely driving these two types of injury in TLE. However, 

these studies did not directly explore the role of the age of seizure onset and test how the age at which 

seizures begin influences cortical-subcortical GM atrophy relationships with WM disruption.  

Our study aims to extend knowledge about the processes underlying GM and WM atrophy 

across the developmental spectrum using structural and diffusion MRI. First, we examine patterns of 

subcortical and cortical GM atrophy and WM microstructural loss in a large group of individuals with 

drug-resistant TLE compared to healthy controls. Next, we characterize how these pathologies 

spatially correlate in TLE. Finally, we explore how GM and WM atrophy relationships vary across 

different ages of seizure onset. We test this by measuring changes not only in neocortical thinning and 

subcortical GM, but also in both the SWM and deep WM tracts, leading to a comprehensive analysis 

of neuroanatomical relationships in TLE. 

 

4.2. Methods and Materials 

4.2.1. Participants 

Eighty-two patients with focal TLE [mean age 35.85(±12.95), 44 females] and 59 healthy 

controls [mean age 36.95(±13.72), 36 females] were enrolled from the UC San Diego and UC San 

Francisco Epilepsy Centers. The TLE diagnoses were established by board-certified neurologists with 
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expertise in epileptology, according to the criteria defined by International League Against Epilepsy 

(ILAE, (Fisher et al., 2017; Scheffer et al., 2017)). Forty-three out of 82 patients were classified as left 

TLE (L-TLE), and 39 were classified as right TLE (R-TLE) based on video-EEG telemetry, clinical 

history, seizure semiology, and neuroimaging evaluation. The MRI images were visually inspected by 

a board-certified neuroradiologist with expertise in epileptology, in order to detect the presence of 

HS. Patients with and without HS were enrolled in this study, however we excluded patients with 

space-occupying lesions (e.g., focal cortical dysplasia, tumors).  

 

4.2.2. Image acquisition 

MRI sequences were performed on a General Electric Discovery MR750 3T scanner with an 

8-channel phased-array head coil at either UCSD or UCSF. Both centers used a prospectively 

harmonized and identical MRI acquisition that included a conventional three-plane localizer, GE 

calibration scan, a T1-weighted 3D structural scan (TR=8.08 ms, TE=3.16 ms, TI=600 ms, flip 

angle=8°, FOV=256 mm, matrix=256×192, slice thickness=1 mm), and for diffusion, a single-shot 

pulsed-field gradient spin-echo EPI sequence (TE/TR=80.4 ms/8 s; FOV=240 mm, 

matrix=128×128×53; axial). Diffusion-weighted images were acquired with b=0 and b=1000 mm2/s 

with 30 diffusion gradient directions. Two additional b=0 volumes were acquired with either forward 

or reverse phase-encode polarity for use in B0 correction. Both T1w and DWI data were preprocessed 

using a multimodal imaging processing pipeline developed for the Adolescent Brain Cognitive Development 

study, according to Hagler et al., 2019 (Hagler et al., 2019). 

 

4.2.3. Image processing 

4.2.3.1. T1-weighted image processing 

Automatic segmentation of T1-weighted images was performed with FreeSurfer (v7.1.1, 

(Fischl, 2012)). From the structural MRI, 16 subcortical volumes were segmented and 68 cortical 

regions of interest (ROIs) were parcellated and cortical thickness was derived based on the Desikan-

Killiany atlas (Desikan et al., 2006). Visual inspections of morphometric segmentations were 

conducted following standardized FreeSurfer protocols.  
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4.2.3.2. Diffusion-weighted imaging processing 

The diffusion MRI images were corrected for spatial and intensity distortions due to B0 

magnetic field inhomogeneities, eddy current distortion, gradient nonlinearity distortion, and head 

motion using FSL’s TOPUP (Andersson et al., 2003; S. M. Smith et al., 2004). The reverse gradient 

method was used to correct B0 distortion (Holland et al., 2010). A method using least squares inverse 

and iterative conjugate gradient descent was used to correct for eddy currents (Zhuang et al., 2006). 

Distortions due to gradient nonlinearity were corrected for each frame of the diffusion data (Jovicich 

et al., 2006). Head motion was corrected by registering each frame to the parameters obtained through 

diffusion tensor fitting, accounting for variation in image contrast across diffusion orientations (Hagler 

et al., 2009). DMRI-derived fractional anisotropy (FA) and mean diffusivity (MD) were calculated 

based on a tensor fit to the b=1.000 data.  

Fiber tract FA and MD values were analyzed for three bilateral fiber tracts of interest [i.e., 

uncinate fasciculus (UNC), parahippocampal cingulum (PHC) and fornix (FX)]. These three tracts 

were selected due to their connectivity with the hippocampus/medial temporal lobe (MTL) and 

evidence that they are particularly affected in TLE (Hatton et al., 2020; Stasenko et al., 2022). FA and 

MD for each track was extracted using AtlasTrack, a probabilistic diffusion tensor atlas validated in 

healthy controls and TLE patients (Hagler et al., 2009). For each participant, the T1-weighted 

structural images were nonlinearly registered to a common space and the respective diffusion tensor 

orientation estimates were compared to the atlas. This resulted in a map of the relative probability that 

a voxel belongs to a particular tract given its location and similarity of diffusion orientation. Voxels 

identified with Freesurfer (v7.1.1) as cerebrospinal fluid or GM were excluded from the fiber ROIs. 

Average of the diffusion parameters was calculated for each fiber ROI, weighted by fiber probability, 

so that voxels with low probability of belonging to a given fiber contributed minimally to average 

values.  

SWM FA and MD were collected for the same 68 Desikan-Killiany ROIs as was obtained for 

the cortical thickness. FA and MD for SWM were calculated at each vertex using seven samples in 0.2 

mm increments along the vector normal to the GM/WM boundary surface, from 0.8 mm to 2 mm 

inwards into peri-cortical white matter. Multiple samples were collected to account for passing through 

multiple voxels with varying properties. In order to minimize the effects of partial voluming and 

regional variations, we calculated weighted averages of FA and MD based on the proportion of GM 

or WM in each voxel using Tukey’s bi-square weight function (Beaton & Tukey, 1974) to down weight 

the contribution of voxels with a low proportion of the tissue of interest. Average FA and MD 
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measured in the WM directly beneath GM ROIs in each individual’s native space (Elman et al., 2017). 

The method is described in detail in Elman et al., 2017 (Elman et al., 2017).  

 

4.2.4. Statistical analysis 

4.2.4.1. Demographic and clinical variables 

One-way ANOVAs and Chi-square tests were conducted to explore differences between TLE 

and controls, and between L-TLE and R-TLE, in demographic and clinical variables’ distribution. 

Statistical significance for all tests was set at p<.05.  

 

4.2.4.2. Ipsilateral versus contralateral hemisphere 

After inspection of the spatial maps to ensure similar SWM, cortical, and subcortical patterns 

in patients with L-TLE and R-TLE, the cortical and subcortical ROIs for the R-TLEs were flipped, 

thus ipsilateral structural and diffusion data were projected on the left hemisphere and contralateral 

data are projected on the right hemisphere for all patients. This procedure allowed us to maximize 

power and consider ipsi- and contralateral differences as our primary variables. Thus, all the following 

analyses are reported as ipsi- or contralateral with respect to the seizure focus.  Of note, the flipping 

was performed after each feature was z-scored relative to control values for each respective 

hemisphere, accordingly to the literature (Horsley et al., 2022; Larivière et al., 2022; Winston et al., 

2020) and ensuring that there were no hemispheric asymmetries for cortical thickness, subcortical 

volumes, SWM (FA/MD), and WM tracts (FA/MD) in the control population. 

 
4.2.4.3. Topography of grey and white matter structures 

All brain measures were converted into z-scores based on the mean and the standard deviation 

of the control cohort. In order to control for differences in brain size, subcortical volumes were 

divided by total intracranial volume (ICV) for each subject. An inspection of brain asymmetry in 

controls was performed by a paired sample t-test. All analyses that follow were performed using SPSS 

software 28 (IBM, Chicago, IL) or R-package software, and statistical significance for all tests was set 

at p<.05. Significant p-values were considered those that survived a 5% FDR correction (Benjamini 

& Hochberg, 1995). Whole brain differences between TLE and controls were examined in GM (i.e., 

cortical thickness and subcortical volumes) and WM (i.e., SWM and deep WM tracts) using 

multivariate analyses of covariance (MANCOVAs) models with age and sex included as covariates in 

all comparisons (Whelan et al., 2018).  



 
Chapter 4 

 58 

4.2.4.4. Relationship between GM and SWM 

To assess the relationships among cortical thinning, hippocampal volume, and SWM damage, 

partial Pearson correlations were performed for each ROI with age and sex as covariates. 

 

4.2.4.5. Effects of age of seizure onset 

To test the association between age of seizure onset and regional GM-SWM atrophy 

associations, we performed a series of sliding window correlations (Schulz & Huston, 2002). This 

procedure involves computing correlations in overlapping successive windows across a clinical 

variable distribution (e.g., across age of the seizure onset), revealing fluctuations in the degree, and 

direction of the correlation. We ranked participants according to their clinical variable (e.g., from 

lowest age of seizure onset to highest). The correlation was computed for successive samples of 25 

participants at a time, starting from the first 25, and then proceeding up the variable level rank order, 

always including the next patient and excluding the first patient of the previous interval. Additionally, 

we applied this approach to a random rank order of values to ensure that the correlation values 

obtained in the prior analyses were not due to chance. This approach has much in common with 

bootstrapping and clustering approaches (E. A. Allen et al., 2014; Shakil et al., 2018). Finally, we 

considered a window significant if three consecutive windows produced a significant effect. With this 

approach, we also explored the relationship between the ipsilateral SWM FA/MD and ipsilateral 

hippocampal volume. All plots were smoothed with the ‘zoo’ package in R, using a moving average 

value of five and a step of one.  

To avoid overfitting due to the high number of ROIs in the Desikan-Killiany atlas, for this 

analysis we clustered the 68 cortical ROIs into three major groups: (I) MTL, including the entorhinal 

cortex, parahippocampal cortex, and the fusiform gyrus; (II) lateral temporal lobe (LTL), including 

the inferior, the middle, and the superior temporal gyri, banks of superior temporal sulcus, and 

transverse temporal gyrus; (III) extra-temporal regions, which included all the ROIs within the frontal, 

parietal, and occipital lobes.  

 

4.3. Results 

4.3.1. Demographic and clinical variables 

Controls and patients with TLE did not significantly differ in age, sex, and ICV. Patients had 

significantly lower education compared to controls (p<.001). Forty-seven out of 82 patients had HS, 
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whereas the rest had a normal MRI. Most of the patients were on polytherapy (82%). We did not find 

any significant differences between L-TLE and R-TLE patients in the clinical and demographic 

variables. All results are summarized in Table 4.1.  

As noted, the patterns of ipsilateral and contralateral cortical, subcortical and diffusion 

alterations were similar for L-TLE and R-TLE, which justified our combining of the patients into one 

group to maximize power.  

 
Table 4.1. Clinical and demographic variables in TLE and controls populations. 

 TLE (N=82) Controls (N=59) Stat. Sig. 

Age 35.85(±12.95) 36.95(±13.72) .234F .630 

Sex (f/m) 44/38 36/23 .757X .384 

Education (y) 13.30(±2) 16.03(±2.27) 56.986F .000*** 

ICV (mm3) 990814.46(±114529.56) 1024829.31(±97008.95) 3.431F .066 

HS (y/n) 47/35 - 1.756X .185 

Age of epilepsy onset (y) 20.72(±14.30) -   

Epilepsy duration (y) 15.13(±14.21) -   

ASMs (mono/poly) 15/67 -   

Data are presented in means (±standard deviations). ICV: intracranial volume, HS: hippocampal sclerosis, ASM: anti-
seizure medication.  F: ANOVA, X: Chi-squared test, ***: p<.001. 
 

4.3.2. Topography of grey and white matter structures 

There were no differences in brain asymmetry (i.e., cortical thickness, subcortical volumes, 

SWM FA/MD, WM tracts FA/MD) in the control population between the left and right hemispheres. 

Whole brain cortical thickness comparison between TLE patients and controls is shown in Figure 

4.1A. Significantly thinner cortex for patients was found in posterior brain regions, particularly the 

bilateral precuneus [Ipsi: (F(1,140)=18.928, pFDR=.001, η2=.121), Contra: (F(1,140)=17.267, pFDR=.001, 

η2=.112)], the pre-central [Ipsi: (F(1,140)=8.908, pFDR=.013, η2=.061), Contra: (F(1,140)=9.486, pFDR=.011, 

η2=.065)] and the post-central [Ipsi: (F(1,140)=11.338, pFDR=.007, η2=.076), Contra: (F(1,140)=11.108, 

pFDR=.007, η2=.074)] gyri. Cortical thinning in the superior temporal gyrus was observed bilaterally 

[Ipsi: (F(1,140)=9.905, pFDR=.010, η2=.068), Contra: (F(1,140)=5.800, pFDR=.045, η2=.041)], while the 

middle temporal gyri was thinner only ipsilaterally (F(1,140)=6.696, pFDR=.032, η2=.047). The MTL did 

not show any significant differences in TLE compared to controls. As expected, the ipsilateral 

hippocampal volume was lower in TLEs compared to controls (F(1,140)=19.878, pFDR<.001, η2=.127) 

(Figure 4.1A).  
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Figure 4.1B display the whole brain SWM comparison between TLE patients and controls, 

and the significant results are summarized in Table 4.2. The SWM showed a spatially different pattern 

of alterations compared to the cortical thickness; decreased FA and increased MD was observed in 

TLE patients in the ipsilateral hemisphere only, with significant reductions in FA in the ipsilateral 

medial and inferior temporal lobe. This pattern of ipsilateral SWM loss was more extensive for MD, 

with increased MD that extended beyond the temporal lobe into the orbitofrontal, cingulate and 

insular SWM.  

Finally, Figure 4.1C and Table 4.2 displays FA and MD standardized values for the three 

bilateral tracts and comparisons between patients and controls. The PHC and UNC showed a lower 

FA in both hemispheres, but more pronounced decreases in FA in each ipsilateral tract. All three fiber 

tracts showed increased MD in the ipsilateral tract compared to controls. 
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Figure 4.1. Whole brain comparison between TLE and controls. Panel A) visualizes significant group differences in 
cortical thickness and subcortical volume. Panel B) shows significant group differences of superficial white matter 
fractional anisotropy (FA) above, and mean diffusivity (MD) below. Data for each comparison are presented as effect size 
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(Partial Eta Squared). Blue colors (-0.1) represent the regions where TLE showed atrophy, or lower FA values, compared 
to controls; red colors (+0.1) represent the regions where TLE showed hypertrophy, or higher MD values, compared to 
controls. Only effect sizes associated with p-values that survived FDR correction (i.e., pFDR<.05) are presented in panels 
a) and b). Finally, panel C) shows box-and-whisker plots of deep white matter tracts, standardized relative to controls. The 
central horizontal line of the boxes marks the median of the sample, the upper and lower edges of the box (the hinges) 
mark the 25th and 75th percentiles (the central 50% of the values fall within the box). The open circles represent individual 
patients. The “x” in the middle of each box marks the mean values for each fasciculus. The black line on value 0 designates 
the mean volume of controls. The “*” on the box indicates the significant results of the MANCOVA analysis (*: pFDR<.05, 
**: pFDR<.01, ***: pFDR<.001). FX: fornix fasciculus, PHC: parahippocampal cingulum bundle, UNC: uncinate fasciculus. 
Brain maps in panel A) and B) were created by using the ENIGMA-Toolbox(Larivière, Paquola, et al., 2021). 
 
Table 4.2. Group comparisons between TLE and controls in superficial and deep white matter. 

 TLE Controls F Sig.FDR η2 

Superficial white matter 

Ipsilateral superior temporalMD .806(±.069) .772(±.032) 9.797 .016* .068 

Ipsilateral middle temporalMD .810(±.062) .782(±.029) 7.538 .033* .053 

Ipsilateral inferior temporalFA .237(±.045) .254(±.032) 8.987 .037* .062 

Ipsilateral  inferior temporalMD .825(±.057) .791(±.026) 11.645 .010* .079 

Ipsilateral entorhinal cortexFA .219(±.052) .259(±.060) 17.472 .001** .115 

Ipsilateral entorhinal cortexMD .907(±.114) .832(±.113) 12.271 .015* .083 

Ipsilateral fusiformFA .233(±.048) .256(±.036) 10.736 .018* .074 

Ipsilateral fusiformMD .795(±.053) .771(±.029) 10.465 .013* .072 

Ipsilateral parahippocampal cortexFA .257(±.061) .299(±.047) 20.278 <.001*** .131 

Ipsilateral parahippocampal cortexMD .864(±.095) .796(±.081) 21.996 <.001*** .140 

Ipsilateral temporal poleFA .212(±.041) .240(±.035) 22.075 <.001*** .141 

Ipsilateral temporal poleMD .906(±.075) .856(±.041) 23.710 <.001*** .149 

Deep white matter 

Ipsilateral FXFA .335(±.040) .344(±.028) 3.221 .087 .023 

Ipsilateral FXMD 1.156(±.213) 1.067(±.156) 8.612 .034* .060 

Contralateral FXFA .346(±.041) .346(±.028) .002 .967 .000 

Contralateral FXMD 1.105(±.193) 1.064(±.170) 2.160 .158 .016 

Ipsilateral PHCFA .337(±.049) .375(±.032) 24.405 <.001*** .153 

Ipsilateral PHCMD .850(±135) .777(±.089) 11.746 .014* .080 

Contralateral PHCFA .353(±.050) .379(±.049) 9.479 .010* .066 

Contralateral PHCMD .826(±.124) .769(±.140) 6.747 .052 .048 

Ipsilateral UNCFA .393(±.037) .424(±.023) 28.200 <.001*** .173 

Ipsilateral UNCMD .828(±.074) .788(±.42) 11.934 .026* .081 

Contralateral UNCFA .407(±.032) .414(±.051) 7.498 .018* .053 

Contralateral UNCMD .807(±.070) .787(±.058) 4.004 .083 .027 

Data are presented in means (±standard deviations). FA: fractional anisotropy, MD: mean diffusivity, FX: fornix, PHC: 
parahippocampal cingulum, UNC: uncinate. *: pFDR<.05, **: pFDR<.01, ***: pFDR<.001. 
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4.3.3. Relationship between grey matter and SWM 

Because the deep WM tract FA/MD values mirrored those of the SWM but are not in spatial 

alignment with the cortical ROIs, we limited our correlational analysis to GM-SWM associations. We 

did not find any significant linear correlations between cortical thickness and SWM FA/MD for any 

ROI in patients. However, SWCs across the age of epilepsy onset and the years of the illness duration 

revealed a more complex pattern. Lower hippocampal volumes were associated with higher SWM MD 

across all ROIs in those TLE with an early ASO (Figure 4.2A).  There was no association between 

hippocampal volumes and cortical thinning. Conversely, decreases in cortical thickness were 

associated with increases in SWM MD in the ipsilateral MTL only (Figure 4.2B), but only in patients 

with a later ASO (i.e., >20 years old). This relationship was not found in the other regions. In the 

contralateral lobe, extra-temporal cortical thinning was associated with higher SWM MD in a restricted 

time window those with a very early onset (Figure 4.2C).  
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Figure 4.2. Sliding window correlations between brain measures in the TLE population as a function of the age of epilepsy 
onset. Panel A) shows the non-linear correlation between SWM-MD and hippocampal volume in the ipsilateral 
hemisphere. Panel B) shows the non-linear correlation between ipsilateral cortical thickness and SWM-MD for the three 
main groups of regions. Panel C) shows the same correlation between contralateral cortical thickness and SWM-MD for 
the same groups of regions. The blue lines display the correlation coefficients’ fluctuation value across age of epilepsy 
onset, and the blue shading indicates when the relation is significant (p<.05). 
 

4.3.3.1. Effects of early and late age of epilepsy onset  

Because associations between GM and WM atrophy in TLE appear to depend on the ASO, 

we performed a posthoc analysis to investigate whether patients with an onset during 

childhood/adolescence differed in clinical characteristics from those with onset during adulthood. To 

accomplish this, we divided the patients in two groups; a childhood-onset TLE group (C-TLE) 

composed of patients who developed epilepsy on or before 18 years old based on the ILAE guidelines 
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(Wirrell et al., 2022), and an adult-onset group (A-TLE) characterized by those who developed seizures 

after age 18. In the full sample, age, age of epilepsy onset, and years of epilepsy duration were strongly 

related to each other. C-TLE were characterized by a younger age, and a longer disease duration 

compared to A-TLE. Moreover, C-TLE patients showed a higher frequency of HS compared to the 

A-TLE group. Conversely, the A-TLE were characterized by an older age, and a shorter disease 

duration. There were no group differences in sex, education, ICV, and number of ASMs. All the results 

are summarized in Table 4.3. 

 
Table 4.3. Clinical and demographic variables in C-TLE and A-TLE. 

 C-TLE (N=37) A-TLE (N=45) Stat. Sig. 

Age 32.46(±13.617) 38.64(±11.798) 4.855F .030* 

Sex (f/m) 24/13 20/25 3.405X .065 

Education (y) 12.97(±1.724) 13.58(±2.179) 1.881F .174 

ICV (mm3) 979131.730(±113650.017) 1000420.270(±115629.576) .699F .406 

HS (y/n) 27/10 20/25 6.755X .009** 

Age of epilepsy onset (y) 8.30(±6.235) 30.93(±10.391) 135.325F <.001*** 

Epilepsy duration (y) 24.16(±15.645) 7.71(±6.808) 40.517F <.001*** 

ASMs (mono/poly) 2.30(±0.909) 2.31(±0.925) .005F .946 

Data are presented in means (±standard deviations). HS: hippocampal sclerosis, ASM: anti-seizure medication. F: ANOVA, 
X: Chi-squared test, *: p<.05, **: p<.01, ***: p<.001. 
 

Due to group differences in some patient characteristics, we performed a secondary analysis between 

the groups, correcting for age, sex, and HS status. This secondary analysis supported our original SWC 

observations. In C-TLE, ipsilateral hippocampal volume loss was associated with increased ipsilateral 

SWM MD across the whole brain (r=-.496, p=.002, Figure 4.3A), in the temporal lobe (MTL: r=-

.488, p=.003; LTL: r=-.501, p=.002), and in extra-temporal regions (r=-.423, p=.011). As expected, 

there was no association between cortical thinning and SWM MD in the C-TLE group. On the other 

hand, in patients with A-TLE, cortical thinning was associated with greater SWM MD in the ipsilateral 

MTL (r=-.374, p=.015), but there were no correlations in extra-temporal lobe regions, or between 

SWM MD and hippocampal atrophy (r=-.125, p=.431, Figure 4.3B). Finally, these findings seemed 

to be related to TLE pathology as these associations were not found in controls (Figure 4.3). 
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Figure 4.3. Partial correlations in controls, C-TLE (childhood onset TLE) and A-TLE (adult-onset TLE) population. Plot 
A) shows the correlation between hippocampal volume and whole brain SWM-MD. Plot B) shows the correlation between 
MTL cortical thickness and MTL SWM-MD. The scatterplots represent partial correlations between the brain measures 
corrected for age and sex. Thus, the data are presented as standardized residuals. Grey dots and line are used to represent 
controls, red dots and line represent C-TLE, and blue dots and line represent A-TLE. SWM: superficial white matter, MD: 
mean diffusivity, MTL: medial temporal lobe. 
 

4.4. Discussion 
The present study extends the literature by providing a comprehensive analysis of neocortical 

and subcortical GM and WM atrophy profiles in TLE and demonstrating how these patterns relate to 

one another and to the seizure focus. At the whole group level, GM and WM atrophy patterns in TLE 

were spatially distinct. Cortical atrophy was observed to be widespread and bilateral, and most 

prominent in centro-parietal regions. Conversely, WM atrophy was mostly ipsilateral and temporo-

limbic, following a similar pattern for both SWM and deep WM tracts. However, unique relationships 

emerged between GM and SWM pathology when groups were stratified by age of seizure onset, 

suggesting that different GM and WM structures are differentially impacted by TLE as a function of 

when seizures begin in life. 

 
4.4.1. The diffuse and widespread structural pathologies of TLE 

TLE is a focal epilepsy syndrome that nonetheless is associated with widespread and diffuse 

structural and microstructural damage (Hatton et al., 2020; Larivière et al., 2020; B. Park et al., 2022; 

Whelan et al., 2018) and abnormal connectivity patterns across most of the brain (Bernhardt et al., 

2019; Liu et al., 2014; Tavakol et al., 2019). Much of the previous literature has focused on cortical 

thickness, hippocampal volumes, and deep WM tracts (Hatton et al., 2020; Larivière et al., 2020; B. 
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Park et al., 2022; Whelan et al., 2018). However, despite their proximity, our findings complement 

previous reports (Chang et al., 2019; Liu et al., 2016) and highlight that cortical atrophy and SWM 

disruption appear to follow different spatial patterns of injury in TLE. Here, cortical thinning was 

widespread and bilateral, involving mostly of the posterior neocortex including the bilateral parietal 

and occipital lobes, especially in the bilateral precuneus, somatosensory and motor cortices. 

Furthermore, the ipsilateral MTL did not show prominent cortical thinning, which is also in line with 

previous reports (Larivière et al., 2020). This widespread multi-lobar cortical atrophy was instead 

characterized by a non-limbic and non-lateralized predominance (Larivière et al., 2020; C. R. 

McDonald, Hagler, et al., 2008; Whelan et al., 2018) suggesting that it arises from processes 

independent of the seizure focus. This broad pattern of atrophy is supported by literature 

demonstrating similar patterns of cortical thinning across very different epilepsy syndromes, indicating 

that this may reflect a more general epilepsy-related phenomenon (Whelan et al., 2018). One recent 

study proposed that this spatial distribution of cortical atrophy could occur in those brain regions 

structurally connected with the hippocampus (i.e., pre and post central gyri, precuneus, lateral and 

medial temporal lobe) (Galovic et al., 2019). Nevertheless, this would not explain the full pattern 

observed in our study and requires replication in future studies. 

In contrast to the cortical GM, the SWM showed a temporo-limbic pattern of atrophy that 

was mostly restricted to the ipsilateral hemisphere. Although FA was reduced in the inferomedial MTL 

only, MD anomalies extended to the ipsilateral orbitofrontal cortex, insula, and cingulate WM. This 

pattern of highly lateralized WM pathology was mirrored in the deep WM temporo-limbic tracts of 

the UNC, PHC, and FX where FA reductions were greater and MD increases were only observed in 

the ipsilateral fibers. These findings are supported by prior reports demonstrating an association 

between the seizure focus and proximal WM injury (Concha et al., 2012; Hatton et al., 2020; Urquia-

Osorio et al., 2022). Our findings extend the literature by demonstrating that this pattern exists for 

both the SWM and deep WM association tracts.  

 
4.4.2. Structural pathology and the developmental trajectory 

Our results demonstrate spatially distinct patterns of neocortical and WM atrophy in TLE 

patients in most brain regions, suggesting that different biological processes are likely driving these 

two types of injury. Data from animal models provide support for this, demonstrating that GM and 

WM are impacted along different timelines (Luna-Munguia et al., 2021; Roch et al., 2002b, 2002a), 

with cortical GM affected more acutely and WM affected over a longer time period following seizure 
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onset. In addition, WM damage in chronic TLE models supports the idea of co-occurring damage in 

WM and hippocampal volume (Luna-Munguia et al., 2021). Additionally, research on TLE patients 

has reported SWM anomalies that were mediated by hippocampal atrophy (Liu et al., 2016). However, 

our results suggest that a more complex relationship may exist between cortical thinning, SWM loss, 

and hippocampal injury, which may be driven by the period of life during which seizures began. 

Indeed, SWM injury and hippocampal volume loss were highly related, but only for individuals with 

an early age of seizure onset. This relationship was maintained even after controlling for group 

imbalance in HS, suggesting that the WM damage was not merely a by-product of HS. Although WM 

and subcortical GM maturation reach their peak at different ages, changes in both are maximal 

between mid-gestation to adolescence (Bethlehem et al., 2022). Thus, the onset of seizures during this 

period could interfere with brain maturation, leading to concurrent hippocampal injury and disruption 

of WM development (Liu et al., 2016). 

On the other hand, developing TLE in adulthood was associated with co-occurring cortical 

thinning and SWM injury, but only in the ipsilateral MTL. While cortical thinning begins in childhood 

and shows a relatively linear decrease across the lifespan in healthy individuals, SWM microstructure 

follows a similar pattern to the deep WM association tracts with an increase in FA and decrease in 

MD that accelerates during adolescence, reaching a peak between 20-35 years of age (Bethlehem et 

al., 2022; Lebel et al., 2012; Schilling et al., 2022). In adulthood, SWM FA/MD levels off and then 

declines during late-adulthood (Schilling et al., 2022). Our results suggest that when TLE begins in 

adulthood, after the period of SWM peak development, it leads to co-occurring and age-accelerated 

cortical and WM injury proximal to the epileptogenic zone. Interestingly, this is observed in TLE 

patients with a relatively short disease duration (Supplementary Figure 2), suggesting that these 

pathological changes may occur quite rapidly in drug-resistant adults and could underlie the 

progressive cognitive decline observed in many of these patients (Costa et al., 2019; Fernandes et al., 

2022). Finally, all the results from the non-linear correlations highlighted effects only with respect to 

SWM MD, with no significant results found for FA. MD abnormalities refer to an overall tissue barrier 

impairment and degree of water diffusion within a voxel, with no orientation (Basser et al., 2000; 

Beaulieu, 2002). Thus, because of the convergence of deep and peripheral fibers with the SWM with 

less anisotropy than long WM bundles, MD may be a more sensitive marker of SWM microstructural 

disruption (Urquia-Osorio et al., 2022). 

 



 
Chapter 4 

 69 

4.4.3. Limitations and Future Directions 

Despite our novel findings, several limitations of our study should be addressed. First, we lack 

a cohort of older adults with TLE, preventing us from evaluating the impact of epilepsy on brain 

pathology across the adult lifespan. In particular, late onset epilepsy is defined as seizures that begin 

after the age of 55, often having a temporal lobe predominance, greater levels of MTL atrophy than 

observed in our current study, and often no clear etiology (Kaestner et al., 2021). Future studies should 

explore whether the pattern of structural pathology and its relationship across tissue types is affected 

by this very late age of seizure onset, and how these relationships may be related to cognitive decline 

and risk for dementia. Although our sample size is larger than many prior studies (Chang et al., 2019; 

Liu et al., 2016), a larger multi-center cohort would allow us to stratify patients by additional clinical 

and brain-related characteristics. First, this would enable us to better disentangle the roles of the age 

of seizure onset from the years of epilepsy duration. Age of seizure onset and duration of epilepsy 

were co-linear, and our analyses were cross-sectional, therefore limiting our ability to tease apart the 

unique effects of these two variables or understand the causality of the relationships. Moreover, a 

longitudinal study with a large cohort of patients who are heterogeneous in clinical characteristics 

would allow for a more enriched understanding of the mechanisms underlying TLE-related pathology. 

It is well known that FA, MD, cortical thickness, and volume have different maturation peaks during 

the lifespan (Bethlehem et al., 2022). In our secondary analysis, we clustered our sample into those 

with a pediatric vs adult age of seizure onset (i.e., before or after 18 years old), according to ILAE 

guidelines (Wirrell et al., 2022). A larger multi-center cohort would allow us to stratify our sample 

according to a range of brain maturation peaks and test our GM and WM relationships across various 

peaks. Finally, although we purport to replicate prior findings in our initial analysis of discordant GM 

and SWM patterns, it is of note that we used different methods for both extracting and summarizing 

our variables. However, we consider this a strength and believe that it provides evidence that these 

findings are robust to the methods employed. 

 

4.5. Conclusion 
 Our data provide compelling evidence of a complex relationship between cortico-subcortical 

GM loss and WM injury in TLE; our findings suggest spatially unique patterns of cortical, 

hippocampal, and WM atrophy. The age at which the seizures begin appears to influence the way in 

which these features are related to one another. Whereas the co-occurrence of hippocampal injury and 

WM damage in the ipsilateral hemisphere may be linked to neurodevelopmental factors, the onset of 
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seizures in adulthood could set off a cascade of neurodegenerative changes, dominated by  cortical 

atrophy and subcortical WM injury close to the epileptogenic zone. 
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Conclusion 
 

The purpose of this doctoral thesis was to contribute to a better knowledge of the 

morphological cortico-subcortical patterns underlying Temporal Lobe Epilepsy (TLE) to better 

understand and characterize this pathological condition.  

In the present work, the first aim was to explore the role of the amygdala subnuclei in TLE, 

highlighting the central role of this subcortical structure in the epileptogenic network of the disease. 

Specifically, our results reported different morphometric behaviors in the amygdala’s nuclei with 

respect to the epileptic etiology. As reported in Chapter 2, HS seems to affect the ipsilateral basolateral 

amygdala causing a reduction in its volume. Conversely, in those patients with the absence of obvious 

epileptogenic lesions, the medial portion of the amygdala exhibited isolated hypertrophy ipsilateral to 

the seizure focus. These results supported and confirmed the involvement of the amygdala in TLE, 

moreover, our findings expanded previous knowledge of the amygdala as a possible morphological 

biomarker of patients with TLE with or without detectable lesions at the MRI investigation. The 

importance of studying the role of the amygdala in the complexity of the disease is a future goal of 

our research group. In the future, we aim to better understand how the different amygdala 

substructures could be involved in specific cognitive-behavioral characteristics, due to the frequent 

psychiatric comorbidity and neuropsychological impairment associated with TLE. In Chapter 3 we 

applied the same subnuclear morphometric methodology to study epileptic patients with Ictal Central 

Apnea (ICA) manifestations. Our findings reported the involvement of the ipsilateral basolateral 

amygdala, showing an increase in volume as a distinctive hallmark of ICA in patients with epilepsy. 

The identification of valuable biomarkers of ictal autonomic manifestations is needed for a more 

accurate stratification and prevention of the sudden unexpected death in epilepsy (SUDEP) risk.  

Finally, in Chapter 4 our investigation focused on the processes underlying cortical grey and 

white matter compromise in TLE patients. Although there is already evidence that cortical atrophy 

and superficial white matter (SWM) microstructural damage follow different spatial patterns in TLE, 

we trying to characterize how these pathologies spatially correlate across tissue types and with respect 

to clinical-related variables. Our findings provide compelling evidence of a complex relationship 

between cortico-subcortical grey matter loss and white matter injury in TLE. Despite cortical, 

hippocampal and SWM atrophy patterns appear spatially unique, the relationship among these features 

depends on the age at which seizures begin. Whereas neurodevelopmental aspects of TLE may result 
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in co-occurring white matter and hippocampal injury near the epileptogenic zone, the onset of seizures 

in adulthood may set off a cascade of SWM and cortical atrophy of a neurodegenerative nature. Thank 

to our collaboration with the ENIGMA-Epilepsy consortium, this study is going to be extended to a 

large, heterogeneous, and geographically diverse population of epileptic patients across the lifespan, 

to better understand the influence of the age of seizure onset and the effect of the years of disease 

duration in both patients with focal and generalized epilepsies. 
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A) Exploring the relationship between amygdala subnuclei volumes and 

cognitive performance in left-lateralized temporal lobe epilepsy with and 
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Alice Ballerini1, Francesca Talami1,2, Maria Angela Molinari3, Elisa Micalizzi4,5, Simona Scolastico1,3, 

Niccolò Biagioli1,3, Niccolò Orlandi1,3, Matteo Pugnaghi3, Giada Giovannini3, Stefano Meletti1,3, Anna 
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Introduction: Temporal lobe epilepsy (TLE) is recognized as a network disorder characterized by 

patterns of cortico-subcortical atrophy (Whelan et al., 2018). The most common histopathologic and 

radiological abnormality in TLE is hippocampal sclerosis (HS). Cognitive dysfunctions are highly 

prevalent and a debilitating comorbidity in this condition. Several studies have identifying different 

cognitive phenotypes affecting TLE patients and the morphometric networks underlying these 

categories (B. Hermann et al., 2020; Reyes et al., 2019, 2020). Recently, the amygdala is receiving 

attention as key structure in the TLE epileptogenic network, and the engagement of its nuclei was 

documented to be different in TLE with HS compared to non-lesional TLE (Ballerini et al., 2022). 

These evidence, however, did not explore the relationships between cognitive performances and 

amygdala morphometric measures. We aim to fill this gap, by correlating the volumes of amygdala 

subnuclei and the cognitive profile of a population of left-lateralized TLE, with respect to the etiology 

of the epilepsy. 

 

Methods: We retrospectively reviewed a cohort of consecutive left TLE admitted at our hospital for 

presurgical evaluation. This cohort is part of an already published study (for more details see: Chapter 

2). The inclusion criteria were (I) age > 18 years, (II) execution of formal neuropsychological 

assessment, and (III) a brain MRI protocol encompassing a 3D T1-weighted (T1-3D) sequence no 
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longer that 12 months distant from the neuropsychological evaluation. TLE patients were clustered 

into those with a negative MRI (TLE-MRIneg), if no focal lesions were observed, and TLE-HS if 

clinical MRI had shown a focal alteration consistent with hippocampal sclerosis (HS). Diagnosis and 

lateralization were determined by board-certified neurologists with expertise in epileptology (SM and 

AEV) and in accordance with criteria defined by the International League Against Epilepsy (ILAE; 

(Fisher et al., 2017)). From each patient recruited we collected clinical information regarding age, sex, 

handedness, age of seizure onset, years of epilepsy, number of antiseizure medication (ASM) at the 

MRI scan, and drug-resistance status. Finally, we collected age and sex-matched healthy controls 

population. MRI was performed on two different 3T scanners (i.e., Philips Intera and GE Healthcare) 

adopting an epilepsy-dedicated protocol. The automatic FreeSurfer (v6.0) segmentation was 

performed on 3D-T1 sequences. Subsequentially, the dedicated pipeline for the automatic parcellation 

of the hippocampus and the amygdala was performed with FreeSurfer dev version. The measurements 

obtained were harmonized across the different scanners using the “neuroCombat” package for R. A 

detailed description of the MRI pre and post processing is provided elsewhere (for more details see: 

Chapter 2). The hippocampus was parceled into three subfields for each hemisphere (Saygin et al., 

2017): head, body, and tail. The amygdala was segmented into nine nuclei (Saygin et al., 2017): anterior 

amygdaloid area (AAA), cortico-amygdaloid transition area (CAT), basal, lateral, accessory-basal, 

central, cortical, medial, and paralaminar nuclei. Based on their cytoarchitectonics, histochemistry, and 

connections and according to previous approach by our group (Ballerini et al., 2022), the nuclei of the 

amygdala were clustered into three main regions or complexes: (I) the basolateral complex (BLA), 

which includes the lateral, basal, accessory-basal, and paralaminar nuclei; (II) the cortical complex, 

which include the cortical nucleus; (III) and the central-medial complex composed by the medial and 

the central nuclei. All TLEs underwent a complete cognitive assessment, and raw scores from the 

following domains were collected: (I) language (Category and Letter fluency), (II) verbal memory 

(Babcock Short Story Recall test, and Verbal Paired Associates test), (III) attention and processing 

speed (Attention Matrices, Trail Making Test part A, and Stroop Color/Word Interference Test), and 

(IV) executive functions (Trail Making Test part B, number of errors at Stroop Color/Word 

Interference Test, Frontal Assessment Battery, and Time and Weight estimation). Chi-squared tests 

and one-way ANOVAs were used to test for differences in demographic and clinical variables among 

the TLE groups and between patients and controls. TLE subgroups’ cognitive performances 

differences were tested with a MANCOVA with age, sex, years of education, and handedness as 

covariates. Group differences for the subcortical parcellations were examined using a MANCOVA 
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with age, sex, and estimated total intracranial volume (eTIV) as covariates. The analysis was performed 

using SPSS software 28 (IBM, Chicago, IL) and statistical significance was set at p<.05. Significant p-

values were considered if survived a 5% FDR correction. Finally, linear regressions were performed 

between hippocampus-amygdala substructures and the raw score for each cognitive domain within 

the TLE-HS and TLE-MRIneg populations separately. The analysis was performed using SPSS 

software 28; in TLE patients, the models were regressed out for confounding factors as age, sex, years 

of education and handedness. Statistical significance for all tests was set at p<.05. 

 

Results: Controls and patients were not significantly different in age, sex, and eTIV. TLE-HS did not 

differ from TLE-MRIneg in years of education, age of onset, drug-resistance, and eTIV. Conversely, 

TLE-HS showed a longer duration and a higher number of ASMs compared to TLE-MRIneg. All 

results are summarized in Table A1. Of note, all subjects were right-handed but one TLE-HS patient. 

 
Table A1. Clinical and demographic variables across TLE populations and controls. 

 TLE-HS TLE-MRIneg Controls Stat. Sig. 

N 14 15 30   

Age (y) 40.50(±11.654) 38.60(±15.268) 35.27(±5.825) 1.362F .264 

Sex (f/m) 8/6 9/6 19/11 .163X .922 

eTIV 1.46E+06(±1.65E+05) 1.39E+06(±1.57E+05) 1.46E+06(±2.13E+05) .691F .505 

Education (y) 11.29(±3.338) 11.47(±3.603) - .020F .890 

Age of onset (y) 21.07(±14.025) 29.27(±17.010) - 1.987F .170 

Epilepsy duration (y) 19.57(±13.013) 9.40(±9.583) - 5.801F .023* 

N° ASMs 2.50(±.650) 1.87(±.915) - 4.551F .042* 

Drug-resistance (y/n) 8/6 6/9 - .852X .356 

Data are presented in means (±standard deviations). y: years, eTIV: estimated intracranial volume, ASM: anti-seizure medication. F: 
ANOVA, X: Chi-squared test, *: p<.05. 
 

The analysis of subcortical volumes highlighted ipsilateral atrophy of the whole hippocampus in TLE-

HS compared to controls (F(1,77)=14.853, pFDR<.001), as well as all the subfields explored [head: 

F(1,77)=15.191, pFDR<.001; body: F(1,77)=10.139, pFDR<.001; tail: F(1,77)=4.871, pFDR<.001]. No differences 

were found in TLE-MRIneg hippocampus with respect to controls. Regarding the amygdala, a global 

atrophy was found in TLE-HS for the whole ipsilateral amygdala (F(1,77)=4.466, pFDR=.021), particularly 

in its basolateral portion (F(1,77)=4.608, pFDR=.027). In addition, a modest atrophy was found even in 

the contralateral amygdala (F(1,77)=2.341, pFDR=.046). The TLE-MRIneg showed isolated hypertrophy 

involving the ipsilateral medial nucleus (F(1,77)=4.260, pFDR=.014).  
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We did not find any significant differences in the cognitive performances between TLE-HS and TLE-

MRIneg. Linear regressions in the TLE-HS population revelated that left hippocampal atrophy was 

related to poorer verbal memory scores (Fig. A1). The same association has been found between 

verbal memory performances and the volume of the accessory-basal and cortical nuclei of the left 

amygdala (Fig. A1). Thus, the greatest is the atrophy in those amygdala nuclei, the worst the memory 

performances. We did not find any correlation between verbal memory scores and 

hippocampal/amygdala volume in TLE-MRIneg. However, greater volume in the whole left amygdala 

particularly in its basolateral and cortical portions was related to worst scores in attentional and 

processing speed tasks (Fig. A1). 
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Figure A1. Association between subcortical volumes and cognitive scores in TLE patients.  
Panel A) shows the positive association between verbal memory performance and the total ipsilateral hippocampal volume 
(top), the ipsilateral cortical nucleus volume (middle), and the ipsilateral accessory-basal volume (bottom). Blue colors refer 
to the positive association between these regions and the verbal memory tasks. Panel B) shows the negative association 
between attention and processing speed and the total ipsilateral amygdala volume (top), and specifically, in the ipsilateral 
basolateral amygdala (middle) and the ipsilateral central-medial amygdala (bottom). Red colors refer to the negative 
association between these regions and the attention and processing speed tasks. Of note, the scatterplots represent partial 
correlations between the hippocampal and amygdalae volumes (on the y-axes) and the raw cognitive data (on the x-axes), 
both corrected for age, sex, years of education, and handedness. Thus, the data are presented as standardized residuals. 
Finally, only the ipsilateral subcortical structures are presented. La: lateral nucleus, Ba: basal nucleus, AB: accessory basal 
nucleus, PL: paralaminar nucleus, Ce: central nucleus, Me: medial nucleus, Co: cortical nucleus, AAA: anterior amygdaloid 
area, CAT: corticoamygdaloid transition area. 
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Discussion: This study revealed a role of the amygdala substructures in the cognitive networks of a 

population of left TLE with and without HS. TLE is recognized to be a heterogenous disorder, 

reflecting different etiologies with the common feature of involvement of one or more of the 

temporal-limbic structures (Thom & Bertram, 2012). The involvement of the amygdala in the TLE 

epileptogenic network has been reported. Previous studies have shown different morphometric 

patterns of the amygdala in TLE with or without symptomatic HS (Ballerini et al., 2022; Coan, Morita, 

de Campos, et al., 2013; Reyes et al., 2017). Specifically, amygdala enlargement (AE) has been proposed 

as a morphological biomarker of a subtype of TLE patients without MRI abnormalities (Coan, Morita, 

de Campos, et al., 2013; Reyes et al., 2017). Herein, as well as in our previous study (6), we showed 

that TLE-MRIneg present an isolated increase volume of the ipsilateral medial nucleus, while TLE-

HS demonstrate a global amygdala atrophy, particularly of the BLA. So far, no study explored the 

correlation between amygdala volumes and cognitive profiles of TLE patients. The present findings 

expand and complete the previous data by providing for the first time evidence of a different amygdala 

involvement in cognitive performances of TLE patients. We reported that ipsilateral amygdala atrophy 

relates to worst scores in verbal memory tasks in TLE-HS. As expected, this pattern was confirmed 

also with respect to the ipsilateral hippocampal atrophy. Conversely and intriguingly, TLE patients 

with a negative MRI showed a completely different pattern. Worst scores in attention and processing 

speed tasks were indeed related to amygdala hypertrophy ipsilateral to the side of the epileptogenic 

focus. Our findings support previous speculations considering TLE-HS and TLE-MRIneg different 

entities (Ballerini et al., 2022), as reflected not only by morphometric biomarkers but even by 

neuropsychological profiles. Furthermore, the results of present analyses highlight the importance to 

consider the volume of amygdala and its substructures as a biomarker for a correct TLE patients’ 

classification. Amygdala has always been reported associated with impairments in emotion recognition 

in TLE (Monti & Meletti, 2015). However, our findings are in line with previous connectivity studies, 

its involvement also in memory and other cognitive functions.  

Verbal memory is the most common impaired cognitive domain in TLE (C. R. McDonald et al., 2014). 

While the hippocampus is widely recognized to have a central role, several studies demonstrated that 

a more complex network is involved in memory performances. Volume loss in entorhinal cortex 

(Alessio et al., 2006), reduced functional connectivity in medial temporal lobe (TL), as well as 

microstructural damages within white matter fasciculi adjacent to TL contributes to poorer VM in 

TLE (Alessio et al., 2006; C. R. McDonald et al., 2014). Our study adds compelling evidence of 

amygdala involvement in this network. Volume loss in accessory-basal (AB) and cortical nuclei 
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ipsilateral to the HS are associated with worst scores. The AB nucleus is part of BLA, a complex 

strongly connected with the hippocampus and the entorhinal cortex (Benarroch, 2015), which role in 

memory function has been well documented (Paré, 2003). Conversely, there is a lack of evidence of 

human cortical amygdala (CoA) functions, even in healthy subjects. However, a recent study reported 

the CoA as functionally connected with the posterior hippocampus and the middle temporal gyrus, 

supporting its role in learning and memory (Noto et al., 2021). 

Despite memory and language impairments are the commonest cognitive comorbidity in TLE, 

attentional deficits and cognitive slowing has been often reported (Piazzini et al., 2006). We provide 

evidence of the morphometric counterpart of these neuropsychological alterations. Indeed, as 

reported by ours and other groups, AE in TLE-MRIneg is not innocuous rather is associated with a 

disruption of attentional functions and processing speed. Amygdala involvement in top-down 

processes critical for guiding spatial attention has been reported (Jacobs et al., 2012). Specifically, the 

amygdala seems to play a role in learning the features that are relevant for a given task and then guiding 

attention and orientation behaviors.  

This study has some limitations. Firstly, it lacks neuropsychological assessment in the control group, 

preventing from mapping the amygdala behavior in a healthy population and performing a comparison 

between patients and controls. Secondly, we recognize the limited sample size of TLE population. Of 

note, we adopted strict inclusion criteria; particularly, we rigidly selected only those patients with a 

time window not longer than 12 months between MRI and NPS. Finally, as preliminary study, we 

focused only on left TLE patients. Future studies are warranted to confirm our observations, exploring 

the role of amygdala subnuclei in right-side TLE and on larger and heterogenous populations of 

epilepsy patients. 

 

Conclusion: Our findings suggested different amygdala behaviors across different TLE etiologies and 

contribute to extend our knowledge of amygdala involvement in TLE cognition. In left TLE-HS 

population amygdala atrophy was related to poor scores in verbal memory, conversely, in TLE-

MRIneg poorer performances in attention and processing speed were associated with amygdala 

hypertrophy. Amygdala morphometric measures may serve as useful disease biomarker in TLE.  
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B) Ictal apnea: A prospective monocentric study in patients with epilepsy 
Elisa Micalizzi1,2, Anna Elisabetta Vaudano2,3, Alice Ballerini3, Francesca Talami3, Giada Giovannini1,2, 

Giulia Turchi2, Maria Cristina Cioclu2,3, Leandra Giunta2, Stefano Meletti2,3 
1Clinical and Experimental Medicine PhD Program, University of Modena and Reggio Emilia, Modena, Italy 
2Neurology Unit, Civil Hospital of Baggiovara, Modena Academic Hospital, Modena, Italy 
3Department of Biomedical, Metabolic, and Neural Science, University of Modena and Reggio Emilia, Modena, Italy 

 

Introduction: Ictal respiratory disturbances have increasingly been reported, in both generalized and 

focal seizures, especially involving the temporal lobe. Recognition of ictal breathing impairment has 

gained importance for the risk of sudden unexpected death in epilepsy (SUDEP). The aim of this 

study was to evaluate the incidence of ictal apnea (IA) and related hypoxemia during seizures.  

 

Methods: We collected and analyzed electroclinical data from consecutive patients undergoing long-

term video-electroencephalographic (video-EEG) monitoring with cardiorespiratory polygraphy. 

Patients were recruited at the epilepsy monitoring unit (EMU) of the Civil Hospital of Baggiovara, 

Modena Academic Hospital, from April 2020 to February 2022. 

 

Results: A total of 552 seizures were recorded in 63 patients. IA was observed in 57 of 552 (10.3%) 

seizures in 16 of 63 (25.4%) patients. Thirteen (81.2%) patients had focal seizures, and 11 of 16 

patients showing IA had a diagnosis of temporal lobe epilepsy; two had a diagnosis of frontal lobe 

epilepsy and three of epileptic encephalopathy. Apnea agnosia was reported in all seizure types. 

Hypoxemia was observed in 25 of 57 (43.9%) seizures with IA, and the severity of hypoxemia was 

related to apnea duration. Apnea duration was significantly associated with epilepsy of unknown 

etiology (magnetic resonance imaging negative) and with older age at epilepsy onset (p < 0.001). 

 

Conclusions: Ictal respiratory changes are a frequent clinical phenomenon, more likely to occur in 

focal epilepsies, although detected even in patients with epileptic encephalopathy. Our findings 

emphasize the need for respiratory polygraphy during long-term video-EEG monitoring for 

diagnostic and prognostic purposes, as well as in relation to the potential link of ictal apnea with the 

SUDEP risk. 
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Figure A2. Apnea observed in focal and generalized seizures. 
(a) A 20-year-old male with ictal apnea seizures. On the left, a coronal T2 fluid-attenuated inversion recovery magnetic 
resonance imaging scan shows the presence of a left temporopolar encephalocele (red arrow). On the right, the 
electroencephalogram (EEG; 120 s) shows a left temporal seizure arising from the frontotemporal channels (Fp1-F7, F7-
T3), rapidly involving the ipsilateral and contralateral frontal regions including the anterior vertex. The ictal discharge 
(indicated by the purple arrow) is characterized by low-voltage fast rhythms evolving in sharply contoured theta and then 
delta rhythmic activity with diffuse abrupt termination. Ictal apnea starts during the ictal phase in association with 
bradycardia. Ictal apnea duration is indicated by the black bar. Red channel: electrocardiogram; blue channel: 
thoracoabdominal respirogram.  
(b) A 14-year-old male patient with Lennox–Gastaut epileptic encephalopathy. During non-rapid eye movement sleep, the 
EEG shows abrupt diffuse fast activity (as indicated by the purple arrow) predominant over the frontocentral and vertex 
regions for 20 s, followed by slow activity. The polygraphy shows ictal tachycardia (red channel) and flattening of the 
thoracoabdominal respirogram (light blue channel; indicated by the black bar). No significant muscle activity was recorded 
(mylohyoid and left and right tibialis anterior muscles) during the epileptic discharge.  

 

For more details, see: Micalizzi, et al. (2022). European Journal of Neurology, 29(12), 3701-3710. 

https://doi.org/10.1111/ene.15547  
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